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Abstract 


An apparatus has been constructed to rub filaments together under controlled 
mechanical and ambient conditions and to measure the charge remaining after separa- 
tion. The apparatus is similar to that of Hersh and Montgomery, with refinements 
to obtain better control of mechanical variables and to allow variation of ambient 
pressure. A photomultiplier has been added near the filaments to detect the incidence 
of electrical breakdown of the atmosphere. Many of Hersh’s findings for 45°-45° 
rubs have been confirmed, specifically those on reproducibility and triboelectric series. 
On the other hand, some findings have not been substantiated when the range of vari- 
ables is extended. For nylon rubbed on polyethylene, the charge g shows a square-root 
dependence on the normal force F, in place of the linear dependence found by Hersh; 
the charge shows an inverse proportionality with diameter d, in contrast with the inde- 
pendence noted by Hersh. For tantalum rubbed on nylon, the charge is found to 
depend on a combination of velocity v, conductivity ¢, and presumably dielectric con- 
stant €, together with a characteristic distance / to be determined empirically. If the 
charge dependence on length of rub L is taken to be the proportionality found by Hersh, 
the combined relation 


g = c(LFi/d)(1 — e~**!*") 


is suggested, where the sign and the magnitude of c are in principle determined by the 
details of the band structure, but in practice are fixed experimentally. No detailed 
theoretical picture has been obtained to justify the rest of the expression, and it must 


be considered at present as an empirical relation whose generality and basis remain 
to be established. 





Introduction 


In an experimental study of static electrification, 
Hersh and Montgomery [6] rubbed initially-un- 
charged filaments against each other under con- 
trolled ambient and mechanical conditions and 
measured the charge developed after the filaments 
were separated. In their theoretical interpretation 
of the results, these investigators put forth a theory 
[7 ] supposed to be applicable when electrical break- 
down of the surrounding atmosphere does not occur. 
To ascertain directly whether breakdown was ab- 


sent in at least a substantial portion of the elec- 
trification phenomena observed, Cunningham and 
Montgomery [2] undertook the design and con- 
struction of a new apparatus. The basic function 
of the machine was unchanged from that described 
[6], but the absence of breakdown could be estab- 


' This paper is based in part on a dissertation submitted by 
R. G. Cunningham in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy at Michigan State 
University. 

? Present address: 


Eastman Kodak Company, Rochester, 
New York. 
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lished directly with the aid of a photomultiplier 
capable of detecting sparking of the filaments. The 
following section of the present paper is a descrip- 
tion of this new apparatus and of some of the results 
obtained with it. The primary emphasis in this 
section is on the reproducibility of the results and 
the connection with those reported [6 ]. 

In earlier literature [7 ] it is implicit that the net 
charge retained on either of two objects put into 
contact and then separated can be considered as 
the product of the charge transferred during contact 
times the fraction of the charge retained upon sepa- 
ration.* To make this assumption formal, let us 
write the net charge as equal to go, the charge 
transferred during contact, times f, the fraction 
retained upon separation: 


q = dof (1) 


The charge go would be expected to depend upon 
the details of the energy-band structure of the mate- 
rials in contact and upon their geometry. Let us 
write go as the product of a band-structure factor b 
and a geometric factor g: 

qo = bg (2) 


Hersh and Montgomery [7] attempted to under- 
stand qualitatively the nature of the band-structure 


factor b, and later VanOstenburg and Montgomery 


[11] attacked the problem quantitatively. Some 
success was attained in correlating the experimental 
results, but insufficient independent data on the 
band structures of specific insulators are available 
to permit a reliable check. So far as the geometric 
factor g is concerned, only a few primarily explora- 
tory measurements were reported [6 ], and only the 
crudest of speculations were made [7]. In the 
present work it was decided to extend the earlier 
experimental observations with the hope of sug- 
gesting laws for the dependence of g on the most 
relevant variables, presumably length of rub, fila- 
ment diameter, and normal force between filaments. 
In this task a great deal of success has not been 
achieved, largely because of the difficulty in making 
sure that the chemical nature and the structure of 
filaments are the same from one diameter to an- 
other. Later in this paper, our highly tentative 
formulations are described. 

With the new apparatus it was possible to control 
not only the relative humidity but also the tem- 


3 In the case of contact without rubbing, the assumption is 
explicit ; cf. Harper [3, 4, 5}. 
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perature over reasonable ranges, and thereby vary 
the resistivity of the insulating materials under 
investigation. Since the rub velocity also could be 
varied, an attack was possible on the problem of 
elucidating the dependence of the fraction f upon 
the variables believed to be controlling. From con- 
siderations of both electromagnetic theory and 
dimensional analysis, the fraction f should be ex- 
pressible as a certain combination of velocity, 
dielectric constant, specific resistivity, and some 
length or thickness characteristic of one of the 
substances rubbed. Medley [8,9] has utilized 
similar arguments in his studies on the effects of 
antistatic agents on textile fiber assemblies. A later 
section gives our reasoning and shows how the ex- 
perimental findings fit in with the picture. A simple 
empirical expression is seen to describe the data 
well enough, but no substantial theoretical basis 
has been found for it. 

Some general remarks on the problem of static 
electrification are also made. Various suggestions 
are made for lines of investigation, both theoretical 
and experimental. 


Apparatus and Technique 
Mechanical Arrangement 


The filaments to be rubbed are mounted on brass 
yokes. The bottom yoke is circular, and mounted 
on insulators in such a way that it may be set at 
a predetermined height above a steel base plate. 
The top yoke is semicircular and fastened to a 
movable arm so that it can be raised or lowered at 


Fig. 1. Bottom yoke of the rubbing apparatus, with fila- 
ment in place, showing the weight for adjusting the tension 
on the filament. 
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any time as it moves back and forth above the 
bottom yoke. A synchronous motor mounted on 
the base plate drives the top yoke back and forth, 
and rotary solenoids raise and lower the top yoke 
so as to make contact with and rub the bottom 
filament. The synchronous motor is the slave to 
a master of exactly the same kind driven by a 
thyratron-controlled variable-speed motor. The 
solenoids are actuated by microswitches operated 
by cams connected to the driver countershaft. In 
this way the velocity of rub may be varied by 
varying the armature voltage of the constant-speed 
motor, and the position along the fiber and the 
length of the rub can be varied by varying the 
angular positions of the cams or microswitches. 
Figures 1-3 will serve to give an idea of the con- 
struction and operation of the apparatus. The de- 
tails are contained in the thesis cited [2]. 


Electrical Circutts 


The charge on the bottom filament is determined 
by measuring the induced charge on the bottom 
yoke with an electronic electrometer. 


This reading 
is recorded on one channel of a two-channel strip 
The presence of sparks is detected by 
the signal from a photomultiplier placed directly 


recorder. 


beneath the bottom filament. The signal is ampli- 
fied and then recorded on the other channel of the 
strip recorder. 


Test Chamber 


The yokes and the mechanism to move them are 
mounted on a base plate which may be placed in 
either of two test chambers. One chamber is an 
airtight steel tank placed over the apparatus. The 
tank may be evacuated and the filaments then 
rubbed at reduced pressures or in different gases. 
The other chamber is a light-tight box of composi- 
tion wood in which the relative humidity and the 
ambient temperature may be controlled. 

To permit automatic repetition of rubs, a timing 
mechanism consisting of a clock motor, cams, and 
microswitches was constructed to control the rub 
motion, the movement of the top yoke away from the 
bottom filament, the measurement of the charge, 
the discharge of the filaments, and the clearing of 
the ions. About 25 sec. is allowed for discharge 
of the filaments, and a like period for clearing the 
ions. The complete cycle requires precisely 1 min. 

The reproducibility of charge transferred from 
rub to rub was investigated with nylon rubbed on 


Fig. 2. Rubbing apparatus about to execute a symmetric 
rub. With the filaments in contact and perpendicular to each 
other, the top yoke moves to the right, in a direction bisecting 
the angle between them. 


Fig. 3. Rubbing apparatus as top yoke descends 


to execute a rub. 


polyethylene and with tantalum on nylon. Vari- 
ous cleaning procedures were used but, as in earlier 
work, the equilibrium charge was not affected by 
the method. Mere rinsing or soaking in distilled 
water was adopted as standard procedure. 

The mode of rubbing was symmetrical; that is, 
the filaments were set at right angles to each other, 
and at 45° to the direction of motion of the top 
filament. Almost always the reproducibility was 
found to be within +5% of the mean for a series of 
rubs. This finding is in accord with experience 
[6]. Sample-to-sample and day-to-day reproduci- 
bility was not so good as rub-to-rub reproducibility, 
the results lying within +20% of the mean. This 
finding is again in accord with experience [6]. For 
all the data quoted, the reproducibilities cited are 





CHARGE (##°/cm) 


5 
NORMAL FORCE (gms) 


Fig. 4. Charge measured as a function of normal force for 
an 8-mil nylon monofilament rubbed on polyethylene mono- 
filaments of the diameters shown, at 30° C. and 75% relative 
humidity. 


obtained only after enough rubs have been made 
for the charge to reach its equilibrium value. The 
number of rubs necessary varies from a few with 
some materials, such as tungsten or nylon on poly- 
ethylene, up to perhaps fifty with others, such as 
tantalum on nylont The equilibrium value may be 
either above or below the charge recorded for the 
first few rubs. Such a wear effect exists as a com- 
plicating factor difficult to deal with, as discussed 
later. Some day a study of this initiatory behavior 
must be made. 


Geometric Factor 


In earlier work [6], no dependence of charge on 


diameter of filament was found. This finding was 
based on results obtained in experiments where the 
diameter of the top filament only was changed. In 
the present work, on the other hand, where the 
diameters of both the top and the bottom filaments 
were changed, some effect of diameter on charge 
transferred is found. Figure 4 shows the results of 
charge generated, g, as a function of normal force F 
for nylon monofilaments of 8-mil diameter rubbed 
on polyethylene monofilaments of 43-mil, 10-mil, 
and 12-mil diameter. In each case the nylon be- 
came positively charged. A cross plot of charge g 
versus diameter d suggests a power-law dependence, 
and indeed g is found to vary nearly as 1/d at con- 
stant F. Furthermore, g is found to vary nearly 
as F' at fixed d. How well the data fit the com- 
bined law, g ~ F'/d, can be seen in Figure 5, a 
logarithmic plot of g against F times (12/d)?. The 
solid line has a slope of 3. The divergence of the 
experimental points from the curve at high charge 
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coincides with the appearance of sparks. The de- 
viations at low charge may result from the wear 
effect or from erroneous estimation of normal force 
when small tensions are applied to the lower fila- 
ment. With the aid of further experiments it was 
attempted to diminish the wear effect. The results 
were of the same type, except that the slope of the 
line on the logarithmic plot varied between } and 4 
for different conditions. The effects of wear, then, 
coupled with the sample-to-sample variability, make 
it extremely difficult to establish a law precisely. 
Nonetheless, it is worth while to state tentatively 
that gq varies as some fractional power of F/d*, the 
numerical value of the power being } 
smaller. 

In the present work a study of the dependence 
of charge on length of rub was not made. It seems 
safe, however, when the length of rub is large com- 
pared with filament diameter, to take the result of 
[6 ] that the charge g is proportional to the length L. 
Then the geometric factor g becomes 


g = L(F/d) 


or a little 


(3) 


where y = 0.3 — 0.5. 

In references [6,7] it was suggested that the 
effect of normal force was simply to increase the 
area of contact and thereby the charge transferred. 
So far as the dependence of charge on normal force 
at fixed diameter is concerned, this assumption is 
not contradicted. From both theoretical and ex- 
perimental considerations on metals and polymers, 
the area of contact between two crossed cylinders 
would be expected to vary with a power of the 
normal force lying between 3 and 1. The diametral 
length of the surface of contact would then be pro- 
portional to the 4 to 3 power of F. When this 
length is dragged over a stroke of constant length L, 
the area swept over varies to the same power. 
Hence the exponent y in the geometric factor g 
would be between 0.33 and 0.50, as is found experi- 
mentally. But with respect to the dependence of 
charge on filament diameter, the results seem irrec- 
oncilable. It is difficult to see under any reasonable 
assumptions how the contact area can increase with 
decreasing fiber diameter. 

Before this explanation is dismissed, however, the 
experimental results should be extended. Very few 
satisfactory determinations of the effect of diameter 
have been made, and even in these it is not sure 
how nearly identical are the filament materials. If 
the results are confirmed, on the other hand, the 
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explanation for the dependence of charge on fila- 
ment diameter must be sought in the effects of 
increased stress concentration on either the mechan- 
ical deformation or the transient heating. 


Retention Factor 


Some of the oldest observations on static electri- 
fication are that higher rubbing speeds and electrical 
resistivities intensify static effects. Most of these 
observations are hardly more than qualitative. In 
recent years Medley [8, 9] has made an important 
beginning on the analysis of the connection between 
speed and resistivity, wherein he obtains a condi- 
tion involving dielectric constant and a character- 
istic distance as well as speed and resistivity. In 
the present work this problem is taken a step fur- 
ther, with the aim of determining at least a semi- 
empirical form for the retention factor f discussed 
in the introductory section. 

In the experimental part of the investigation, an 
8-mil tantalum wire mounted on the top yoke was 
rubbed against 8-mil and 12-mil drawn nylon mono- 
filaments mounted on the bottom yoke. The re- 
sistivity of the nylon filaments was varied by 
changing the ambient temperature in the test 
chamber, the relative humidity being kept at nearly 
75% by trays of saturated sodium chloride solution 
on the floor of the test chamber. The resistance 
of the nylon filaments was measured directly both 
before and after (and sometimes during) a set of 
rubs. An indirect check was maintained contin- 
ually by monitoring the temperature and humidity 
in the test chamber. The normal force was main- 
tained at about 6.9 g., a value much less than that 
required to cause sparking. The length of rub 
was 2.3 cm. 

The data were obtained for a given pair of fila- 
ments by measuring charge generated as a function 
of velocity, with the resistivity fixed by keeping the 
temperature and relative humidity constant. Then 
the run was repeated at new values of resistivity, 
obtained by holding the temperature at new values. 
Each run was made as follows (cf. Figure 6). 
Twenty rubs were made at an arbitrarily selected 
standard velocity (4.1 cm./sec.). Then five rubs 
were made at each chosen speed less than the 
standard. Next ten rubs were made at the stand- 
ard speed, and then a set of five rubs at every chosen 
speed from maximum in sequence to minimum. 
Finally a set of five rubs at the standard speed 
was made. 
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For reduction of the data, a smooth curve was 
drawn through all the points obtained at the stand- 
ard speed. Next a horizontal line was drawn 
through the average charge for the middle ten tubs 
at the standard speed. The charge actually meas- 
ured at each rub is then multiplied by the ratio of 
the height of the horizontal line to the height of the 
smooth curve at that rub number and then re- 
plotted. The average of the set of five rubs at each 
velocity is found and combined with the averages 
of any other sets occurring at that velocity in that 
run. This final value, averaged and normalized, is 
now plotted against velocity. 


The results for one nylon filament are shown in 
Figure 7, and those for another filament in Figure 8. 
Here the averaged normalized values of charge are 
plotted against the rub velocity with temperature 
as parameter. All curves shown in the two figures 


CHARGE (4#°/cm) 


; 10 
NORMAL FORCE x (12.0/4)” 


Fig. 5. Logarithmic plot of charge against normal force 
times (12.0/d)? for an 8-mil nylon monofilament rubbed on 
polyethylene monofilaments of various diameters as indicated 
by key. 





CHARGE (ppe/em.) 


RUB NUMBER 


Fig. 6. Charge measured as a function of rub number for 
an 8-mil tantalum wire rubbed on an 8-mil nylon monofila- 
ment at 30°C. and 75% relative humidity at various rub 
velocities as indicated by key. 
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may be fitted by an equation of the type below: 


qd = qo(1 — eSr/*) (4) 
where go is a constant for the entire set of curves, 
and 8/8» is a parameter whose value is chosen to 
give the best fit for each curve. For convenience, 
8 has been taken as unity for the ‘‘reference curve” 
at 35° C. for Filament No. 1 (cf. Figure 7). Then 
8 has other values for the other curves of Figures 7 
and 8, in each case the value being chosen so as to 
get the best agreement with the reference curve. 
Figure 9 is a logarithmic plot of g against 6v. The 
curve shows the empirical expression (4) with 
go = 20.0 wu coul./cm. and 8) = 5.12 cm./sec. 

The next task is to learn something of the nature 
of the parameter 8/8». It is well known that within 


DEPENDENCE OF CHARGE ON VELOCITY 


Ta on Nylon 


Relative Humidity =~75% 


CHARGE (##°/em) 


6 
VELOCITY (¢™/sec) 


Fig. 7. Charge measured as a function of rub velocity for 
an 8-mil tantalum wire rubbed on an 8-mil nylon monofila- 
ment (number 1) at various temperatures. 


DEPENDENCE OF CHARGE ON VELOCITY 


To on Nylon 
Relative 


Humidity *~75% 


CHARGE (##%cm) 


4 


VELOCITY (°/sec) 


Fig. 8. Replication of the experiment of Figure 7, with 
the same tantalum wire rubbed on another 8-mil nylon mono- 
filament (number 2). 
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the volume of an isotropic homogeneous medium of 
electrical conductivity o and dielectric constant e 
the solution of Maxwell's Equations in the quasi- 
static case leads to the following expression for the 
volume charge density p as a function of time ?¢: 


p(t) = p(Oje“'* (5) 


The quantity e/o, frequently called the relaxation 
time, is the time required for the charge to fall to 
1/e times its initial value. 

In static electrification problems, however, we 
deal usually with charges placed on the surface of 
an insulator, and not within the interior. Hence 
we must treat the more difficult problem of how 
these surface charges decay in time. In general 
the charge decay cannot be characterized by a 
unique relaxation time. In certain cases, never- 
theless, there will exist some kind of average relaxa- 
tion time not too much different from that charac- 
terizing the redistribution of charge within the 
interior of the dielectric medium. 

Appendix A presents the analysis for the distri- 
bution of charge initially placed uniformly in length 
along an infinite cylinder. In this special case the 
charge relaxes from its initial value to its final value 
with a single relaxation time. For other geometries 
and for less simple initial distributions, however, 
the time dependence of the charge cannot be de- 
scribed so simply. 

In the actual case under consideration, the initial 
distribution is complicated in both space and time. 
Nevertheless, we have tried to understand the gross 


50 


em) 
nN 
° 


q* 20.0(1-e-4*/s0) 


CHARGE, q (ppc/ 


10 2 10 20 50 
By 


Fig. 9. Logarithmic plot of charge g against the factor 8 
times rub velocity for the results shown in Figures 7 and 8. 
The solid curve is calculated according to the empirical rela- 
tion q = goL1 — exp (—v/Bo)]. A different value of 6 has 
been chosen for each curve of Figures 7 and 8. The values 
qo = 20.0 and By = 5.12 have been selected to give the best fit. 
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effects by considering that the behavior can be 
analyzed in terms of the ratio of some time interval 
characteristic of the rub to some average relaxation 
time characteristic of the material. The former 
interval is given by the time required for the tra- 
versal of some characteristic distance / at a velocity 
v, namely T = //v. The latter interval will be 
approximated by the relaxation time + = €/o for a 
homogeneous medium. Hence the characteristic 
parameter will be T/r = (i/v)/(e/c). The same 
result can be reached immediately by the standard 
methods of dimensional analysis if the relevant 
variables are taken to be a, /, ¢, and v. 
event the constant 8/8» is given by e€/al. 
Now if / is a constant for any one material of 
fixed diameter, it should be possible to relate the 
values of 8 for the various curves to the values of 
«/o for the same curves. Since the relative humid- 
ity was nearly the same for all the curves, and since 
the regain of drawn nylon changes very slowly with 
temperature at constant relative humidity [10), it 
is expected that the dielectric constant will be prac- 
tically the same for all the curves. It should be 
possible, therefore, to compare 8 with the ratio of 
1/o for the curve under consideration to 1/¢ for the 
reference curve. Table I lists this ratio of resistivi- 


In any 


ties and the corresponding value for 8. The agree- 
ment is not good. 


Subsequently, additional experiments were car- 
ried out in which the resistance was held more 
nearly constant during a set of rubs. Although 
much better agreement between the ratio of resis- 
tivities and 8 was attained, it is still impossible to 
assert that these quantities are identical within 
limits of experimental error. It is conjectured that 
the wear effect, as evidenced in Figure 6, is respon- 
sible for the discrepancy. The wear effect can be 
separated out for a single set of rubs, as described 
earlier, but the effect is subject to a recovery de- 
pendent on elapsed time between sets of rubs and 
perhaps the past history of the filament. Compen- 
sating for this recovery has so far been impossible 
because of its complicated dependence on time and 
history. It appears that an extensive study of the 
wear and recovery effect will have to be made, or 
that two materials of the proper resistivities not 
exhibiting such an effect will have to be found, 
before positive confirmation of the nature of 8 can 
be obtained. 

From the logarithmic plot of g against #v, with 
a value of about 5 for the dielectric constant of 


TABLE I. Comparison of Factor § and 
Ratio of Resistivities 
Ratio 
after 
rubbing 


Ratio 
before 
rubbing 


Filament 
number 


Temp., 


oes 





4.0 5.3 
2.0 1.9 
1.0 0.8 


3.9 3.6 
3.3 1.8 
0.8 0.9 





nylon [1], / turns out to be of the same order of 
magnitude as the filament diameter. This result is 
likely fortuitous. An attempt to determine more 
about the nature of / was made by working with 
nylon filaments of different diameters, but it met 
with failure because of the variability with time, 
history, and sample. It would be surprising, how- 
ever, if confirmation of the nature of 8 did not lead 
to elucidation of the nature of /. 

At present we can state merely that Equation 4 
describes the data within the fairly wide limits of 
experimental accuracy. This relation has some 
practical utility in showing how resistivity and 
velocity may be traded, but it begs for additional 
study to establish its range of validity and its 
physical foundation. 


Discussion 


The motivation of the present work is to estab- 
lish some working hypothesis that will permit the 
separation of the dominant factors effective in static 
electrification. The experimental results would 
seem to justify the exploration of the division of 
the net charge retained into the two factors, charge 
initially transferred and fraction retained. This 
formal device becomes fruitful only when it leads 
to methods of studying the factors separately. In- 
sofar as the present results are typical of the general 
behavior, the separation does indicate directions of 
investigation, both experimental and _ theoretical. 
Specifically, clarification of the nature of the first 
factor, charge initially transferred, will be attained 
more readily if the second factor, fraction retained, 
is maintained at unity by working at high speed or 
high resistivity. If the materials are kept the same, 
then the first factor will vary only through the 
geometric factor. Once the effect of diameter and 
normal force has been thoroughly established, one 
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is free to investigate the second factor, and thereby 
establish the nature of the characteristic length /. 

The theoretical attack on the first factor 
go = bg leads immediately to the full body of mod- 
ern solid-state concepts. For 6, we must consider 
not merely the band structure within the volume 
of the bodies, but also that at the surface. More- 
over, chemical and physical inhomogeneities must 
be considered. The geometrical factor g leads to 
consideration of plastic and elastic deformation, 
plus the effects of friction in causing local heating. 
Analysis of f, the fraction retained, even if it de- 
pends only on classical electrodynamics, leads to 
new problems of redistribution of charge on dielec- 
trics. Eventually one must come back to the con- 
cepts in modern solid state that have become 
prominent in photoconductivity and luminescence. 

But all this is likely premature. Additional ex- 
perimentation is needed to establish the range of 
validity of the relations established for the very 
narrow scope of the present experiments. 
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Appendix: Redistribution of Charge on the 
Surface of a Dielectric‘ 


As is well known, the volume charge density in 
the interior of a homogeneous isotropic medium 
decays exponentially in time. This relation follows 
from the Maxwell’s Equations 


V-D=p and V XH -— dD/dt =j 


and the constitutive relations 


D=cE and j=cE 


‘The treatment in this Appendix is based on an analysis 
by Dr. W. G. Hammerle. 
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in the quasistationary case. For then we have 


Vj = — V-aD/at 
But 
V-j= V-cE = cV-D/« 


Further, 
—V-dD/at =*— dV -D/at 
which has the solution 


p(x, ¥, 2, t) = p(x, y, 2, 
where 


T=} €/o 


In particular, we see that if initially the charge is 
zero at any point it remains zero for all ¢. 

On the surface of a dielectric medium, however, 
this conclusion by no means holds. To demon- 
strate quantitatively the course of the redistribution 
of charge, we shall work out the case of a long 
circular cylinder with surface charge distribution 
independent of distance along the cylinder. This 
problem does not illustrate the full complexity of 
the redistribution process, but it has the advantage 
of yielding the result in closed form. 

Consider an infinitely long circular cylinder of 
radius r = a, conductivity ¢, and dielectric constant 
e, imbedded in an infinite medium of conductivity 
oo = 0 and dielectric constant ¢. Suppose that 
the surface charge is distributed independently of 
distance z along the axis. For convenience, sup- 
pose that the surface charge density w(@) is even 
in 8, the azimuthal angle about the axis of the 
cylinder; and in view of the differential equation 
to be solved, that w is expanded in the Fourier 
series w(@) = Co + > C,. cos nb. 
be taken from m = 1 tom = ~.) Actually w de- 
pends on time ¢ as well as on angle 6; this depend- 
ence will be indicated explicitly where it is essential. 

Application of Maxwell’s Equations yields La- 
place’s Equation for the potential ¢, defined through 
E = — V¢, for all points not on the boundary. 
By standard techniques, the solution for @ may be 
written as 


(All sums are to 


(yr <a) 


( > A.ar® cos n6 


o(r, 8) = - 
| Bon (r/a) +> B,r-"cosn6 (r >a) 


where the constants By, A,, and B,, are to be deter- 
mined by the boundary conditions and by the 
charge distribution. The requirement that ¢@ be 
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continuous at r = a, that is, $(r)|\as0 = $(r)| «0, 
shows that A, = B,a~**. The requirement that 
the discontinuity in the normal component of the 
electric displacement at the surface is equal to the 
surface charge density, that is, 


€o(—0@ Or) a+ e(—d¢@ or) ous & w(@) 


leads to the relation 
B, = C,a"*'/n(eo + €) 


Finally, as r—+ ~ the dominant term in ¢ is 


Bo ln (r/a); but by direct application of Gauss’s 


Law, 


@ — — (g/2meo) In (r/a) = — (22aCo/2re0) In (r/a) 


where g is the total charge per unit length of the 
cylinder. The expression for the potential is now 


daC,[(r/a)"/n(eo+e)}cosn6 (r<a) 


+ ¥ac,[ (a/r)"/n(eo+) ] cos nO 


} * 
4) —a(Co/ eo) In (r/a) 

| 

| (r>a) 


As the charge distribution changes in time, the 
coefficients Cy and C, change, as determined by the 
application of Ohm’s Law j = cE. Consider a 
small pillbox-shaped volume of height Ar containing 
the surface AS, with ends parallel to the surface and 


hence normal to AS. By conservation of charge, 


fio dt)dV = fias+e at frav=o 


= — j, AS + current through sides + 4/dt-p ArAS 


In the limit of vanishing Ar, with pAr — w, fol- 
lowed by AS — 0, we obtain j, = dw/dt = cE, = 


— 60¢/dr\,-». Now 


dw/dt = Co + ¥ C,, cos 0 
and 
— 00¢6/0r oo = — > C,[e/(eo + €) } cos n@ 


Since the cos #6 are linearly independent, their co- 
efficients may separately be set equal. We get then 


Cc, =0 Cy = constant 
C. = — rC, C,,(t) C,(O)e—*'* 
where we have defined 


tT = (e9 + €)/o 
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substitution, we that 


Co+ ¥ C,(O)e~*’* cos 06 
= w(0, O)e*/*? + Co(1 — et’) 


Hence, by can see 


w(6,t) = 


But 


Co = w(8, ~) = foe. 0) d@ = q/2za 


Therefore the solution may be written as 
w(6, t) = [w(0,0) — w(0, ~) je"? + w(O, x) 


that is, the difference between the initial charge 
density and the ultimate charge density (uniformly 
distributed and equal to g/2xa) decays exponen- 
tially with a time constant equal to the conduc- 
tivity of the dielectric divided into the sum of the 
dielectric constant for the dielectric and that for 
the medium. 

In the special case of a line concentration of charge 
gq per unit length, that is, w(@,0) = (g/2ma) 6(8), 
it is seen that the line charge at 6 = 0 decays expo- 
nentially, but that the surface charge density at 
every other place is independent of position, increas- 
ing asymptotically in time to its ultimate value. 

With other geometries the redistribution of charge 
cannot be characterized by a unique relaxation time. 
Nevertheless, for certain initial distributions, and 
over a limited time range, the redistribution takes 
place more or less exponentially, and an approxi- 
mate relaxation time can be assigned. The details 
are quite complicated. 
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Part IV: The Effect of HCl on Some Physical 
Properties of Nylon 
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Abstract 


The contraction of nylon yarn resulting from the sorption of HCl has been studied 
under various conditions. Tension applied to the yarn during the sorption of the gas 
reduces the contraction in a way that can be explained by the theory of reaction rates. 
It is shown that the uptake of HCl, however, is not affected noticeably by tensioning the 
yarn. The contraction appears to be largely dependent on the rate of diffusion of the 
HCl. A coefficient of diffusion has been calculated for this rate at 22° C. The effect 
of drawing has also been investigated, and it was found that the greater the draw ratio, 
the greater the contraction, but the previous history of the yarn is very important in 


this respect. 
sorption. 


Introduction 


During the investigation of the sorption of HCI 
by nylon [3], it was observed that the HCI pro- 
duced an appreciable contraction of the nylon yarn 
under test. This phenomenon was studied further 
under various conditions; some results of this in- 
vestigation are now being reported. 


Experimental 


The nylon samples used in the experiments con- 
sisted of the following: (a) a 1.67-tex (15-den.) 
delustered monofilament with a nominal twist of 
10 turns/in., (b) a 66.7-tex (600-den.) 203-filament 
bright yarn, (c) a 1.67-tex (15-den.) monofilament 
without twist, (d) a 7.77-tex (70-den.) 34-filament 
undrawn yarn. Most of the tests were carried out 
with the first two, the others being used only when 
the effect of twist and of drawing was being investi- 
gated. 

The nylon samples were rinsed in ether, alcohol, 
and finally distilled water before use. In most cases 
the length of the filament or yarn tested was 20-25 
cm. This was suspended to a glass hook in a tube 
forming part of a sorption apparatus which could 
be evacuated and into which dry HCI gas could be 
introduced at a known pressure indicated by a 


1 This paper is designated N.R.C. No. 4962. 


Twisted nylon filament has also been observed to untwist during HCl 
This untwisting also appears to be a rate process. 


mercury manometer in the system. Evacuation 
of the apparatus containing the samples and a P.O; 
drying tube was carried out for several days prior 
to the introduction of the HCI gas into the system. 
The monofilament samples were kept taut with 
small glass hooks weighing about 0.1 g. and the 
heavier yarns by 1-g. lead weights, except when the 
effect of tension was being investigated, when 
larger weights, as indicated later, were used. The 
length of the samples between hooks was measured 
to the nearest 0.05 mm. with a cathetometer. 

In some tests, the sorption of the HCI! was fol- 
lowed at the same time by measuring the increase 
in weight of a sample suspended on a quartz spiral 
balance placed in a tube forming part of the appara- 
tus containing the sample whose length was being 
measured. The tubes containing the samples were 
maintained at constant temperature within +0.2°C. 
in an air bath, or an oil bath when the temperature 
was appreciably higher than the room temperature. 

Experiments were also carried out in which the 
amount of HCl taken up by the yarn was deter- 
mined from the change in pressure of the gas as the 
gas was being sorbed, the yarn being placed in a 
tube of small and known volume. The apparatus 
is illustrated in Figure 1. To carry out a test, the 
tube containing the filament and the manometer 
were evacuated and then the stopcock S was turned 
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so that the tube F was connected to side E of the 
manometer. In this position, the tube A with the 
sample was isolated from the rest of the apparatus. 
A certain amount of HCI was introduced into the 
manometer and the stopcock was closed. The 
pressure of the HCl was read on the manometer, 
and as the branch E of the manometer and the stop- 
cock (hollow except for a small tube crossing it) had 
been calibrated, the volume of the HCI introduced 
was also known. The stopcock was now turned so 
as to connect the manometer with tube A, the time 
being noted at this point. As the volume of A was 
known, the initial pressure of the gas in A and E was 
readily calculated. It was impossible to determine 
this from the level of the mercury in the manometer, 
which oscillated at the moment of introduction of 
the HCI into A and which changed rapidly due to 
absorption of the HCI at the beginning of the test. 
The level of the mercury in the manometer and the 
length of the filament were measured as the sorp- 
tion proceeded. It was thus possible to plot the 
change in length as well as the amount of HC] 
sorbed at any given time. 


Results 


Representative results are given graphically in 


Figures 2-11, which illustrate the various relations 
found between the length changes and the various 
factors which affect these changes. 


Fig. 1. Apparatus used for measuring the sorption of 
HCl and the change of length on the same sample. 
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Figure 2 shows the relation between the change in 
length with time and the tension applied to the fila- 
ment. The contraction of the filament can be 
quite large. In these tests the contraction was 14% 
for zero tension (extrapolated as shown later) on 
sorption and increased to about 16% on desorption, 
but greater changes in length were noted in some 
of the other experiments. The fact that the fila- 
ment contracts further when the HCI is being re- 
moved is an important one and will be discussed 
later. It may be noted also that the initial shape 
of the curves seems to indicate that the contraction 
proceeds in two steps: a rapid one at first, followed 
by a slower one taking place over an extended period. 

Figure 3 has the same data plotted in a different 
way to show that the contraction, when referred to 


% CONTRACTION 











TiMwE (MINUTES) 


Fig. 2. Decrease in length of 1.67-tex nylon filaments with 
time during sorption of HCl. The numbers indicate the 
weight in grams attached to the filaments. Temp. = 22° C. 
Pressure = 51.6 cm. 








% OF TOTAL CONTRACTION 





7s 
TIME (MINUTES) 
Fig. 3. Contraction of filaments plotted as a percentage 


of the maximum concentration measured versus time. Same 
data as in Figure 2. 
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WEIGHT (GRAMS) 


Fig. 4. Relation between the logarithm of the maximum 
change in length and the tension applied to a nylon filament. 
All results are for the change measured after sorption except 
for Line 2. 


: Temp. =22.0° C. 
: Temp. =22.0° C. 
3: Temp.= 7.0° C. 
: Temp. =22.0° C. 
: Temp. =22.0° C. 
: Temp. =27.8° C. 
: Temp.= 0.0° C. 
Note: Sothat Line 7 would not cover up the others, the points 


here represent the log of the actual length change and not of 
the percent change. 


Pressure= 1.40 cm. 
Pressure =15.6 cm. 
Pressure =19.0 cm. 
Pressure =15.6 cm. 
Pressure= 0.43 cm. 
Pressure =15.6 cm. 
Pressure =20.0 cm. 


(after desorption) 


the maximum contraction observed, is the same for 
all tensions except during the initial stage, where 
the contraction appears to be more rapid the greater 
the tension. In some instances the middle portion 
of the curve was found to be linear for a fairly long 
interval; thus in an experiment carried out at a 
pressure of 15 cm., the linear portion extended from 
100 to 420 min. 

Figures 4 and 5 show two different relationships 
between the tension of the filament and the change 
in length. Although one appears to be as good as 
the other in representing the results, the relation- 
ship exemplified by Figure 4 may find some the- 
oretical explanation, as shown later. 

In Figure 6, the logarithm of the difference be- 
tween the maximum contraction measured and the 
contraction at time ¢ is plotted against ¢! to show a 
linear relationship, the basis for which will be given 
in the discussion. In the experiment in which the 
data of Figure 6 were obtained, the uptake of HCl 
by a sample of the same nylon was measured at the 
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same time; the increase in weight observed is plot- 
ted against the square root of ¢ in Figure 7. 

Figure 8 refers to the data given in Figures 6 and 
7 and compares the rate of change of length with 
the rate of uptake of the HCl. It is evident that 
the change in length takes place at a slower rate 
than that of the change in weight. The figure also 
includes points which have been calculated for the 
increase in weight on the assumption of a simple 
diffusion process for the HCI into the nylon. 

Figure 9 gives the results of one of the experi- 
ments in which the contraction and the amount of 
HCl sorbed were measured on the same specimen 


CONTRACTION (%) 





VWEIGHT 


Fig. 5. Relation between the percent change in length and 
the square root of the tension. Same data as in Figure 4. 


=27.8° C. 
=22.0° C. 
=22.0° C. 
= 7.0°C. 
E: Temp. =22.0° C. 
F: Temp. = 0.0° C. 
Black dots:= 0.0° C. 


Pressure = 15.6 cm. 
Pressure = 0.43 cm. 
Pressure = 15.6 cm. 
Pressure =19.0 cm. 
Pressure =15.6 cm. after desorption 
Pressure= 1.4 cm. 
Pressure = 20.0 cm. 


B: Temp. 
C: Temp. 
: Temp. 


A: Temp. 
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using the apparatus shown in Figure 1. This figure 
also includes points which have been calculated on 
the assumption of a simple diffusion of the HCI into 
nylon. The length changes are not given, as they 
show nothing which has not already been indicated 
in the other curves. 

A point of interest in connection with the con- 
traction of the yarn under various tensions was to 
determine whether the amount of HCI sorbed was 
affected by the tension of the yarn. This was done 
by using one strand of the 3-strand 66.7-tex (600- 
den.) yarn, which gave us a 22.2-tex 68-filament 


yarn, in the apparatus of Figure1. A1.67-tex mono- 





at)? 


L06 (ale 


+? (mmuTes 


Fig. 6. Relation between the logarithm of the difference 
between the maximum length change and the change at time 
t and ¢! for a 22.2-tex multifilament bright nylon yarn at 22° 
C. and 15 cm. pressure. 
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Fig. 7. Amount of HCl sorbed, as a percentage of the maxi- 
mum, versus time. Same conditions as for Figure 6. 
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Fig. 8. Rate of weight change, i.e. uptake of HCl, com- 
pared with rate of change of length. Same conditions as in 
Figure 6 and Figure 7. Circles are observations and crosses 
represent calculated values. 


60 


TWwE (MINUTES 











| 
| 
2 
2. 


L2 4 


LOG TIME (MINUTES) 


Fig. 9. Uptake of HCI by a 22.2-tex multifilament yarn 
without tension, measured in the apparatus illustrated in 
Figure 1. The circles represent observations, and the crosses 
calculated values. 


filament would have absorbed too small a quantity 
of HCl to be measured with a reasonable degree of 
accuracy. However, the heavier yarn required a 
fairly large weight in order to obtain sufficient 
tension to make the experiment worth while. So 
as not to increase the volume unduly and to reduce 
all the possibility of attack by the HCl, a gold 
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weight of 46.5 g. was used. This was equivalent 
to a tension of 3.5 g. on a 1.67-tex monofilament, 
and it has already been shown that this tension 
produces a large effect on the contraction of the 
yarn. The results of this experiment showed that 
there was no difference, within experimental error, 
in the uptake of the HCI when the yarn was under 
tension and when under no tension. Two tests 
with the yarn under no tension gave 42.6% and 
44.1% HCl sorbed at 9.0 cm. pressure and room 
temperature, while the tensioned yarn took up 
43.5% and 44.4% in two similar tests. It was con- 
cluded that tensions of the order used in our ex- 
periments had no significant influence on the 
amount of HCI sorbed by nylon. Other experi- 
ments dealt with the effect of the draw ratio of the 
yarn on the contraction. These experiments were 
carried out on a 7.77-tex (70-den.) undrawn yarn 
which was drawn out to various degrees and which 
was allowed to relax for a day at room temperature 
and humidity before it was measured and intro- 
duced into the sorption apparatus. The results 
are given in Figure 10, which shows a linear rela- 
tionship between the degree of drawing, that is the 
draw ratio, and the residual length of the yarn after 
contraction produced by the HCl. It should be 
noted that in these experiments there was a small 
but measurable slow lengthening after the yarn 
had reached its maximum contraction. 


LENGTH 





RESIDUAL 





80 
% EXTENSION 


Fig. 10. Relation between the length of yarn remaining 
after contraction in HCl and the degree of drawing given to the 


yarn. Temp. = 23.5° C. Pressure = 16.6 cm. Tension 
= 1g. Upper line, after 96 hr. sorption; middle line, maxi- 
mum contraction after 3 hr. sorption ; lower line, after desorp- 
tion. 
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The contraction produced by the HCI was also 
shown to depend on the pretreatment of the yarn 
as follows. A sample of unstretched yarn was ex- 
tended 100% and then heated at 160° C. for a few 
minutes before submitting it to the action of HCl. 
This resulted in a contraction of 6.7% as compared 
with 11.9% for the same yarn not annealed. A 
similar effect was noted with the 66.7-tex commer- 
cial yarn used previously. The heat treatment in 
this case reduced the contraction from 14.8% to 
11.7%. Another sample of this yarn which had 
been boiled in water, which treatment produced a 
contraction of 3.8%, showed a lower contraction in 
HCl, namely 8.5% as compared with 14.8% for 
the untreated sample. These tests make it clear 
that the degree of contraction depends very much 
on the previous history of the nylon. 

It was also observed during the tests with the 
twisted nylon monofilament that the absorption of 
the HCI was accompanied by an untwisting of the 
filament. To ascertain that this was not a second- 
ary effect of the HCl, a filament of the same count 
but in which no twist had been inserted was tested 
at the same time under the same conditions. No 
twisting motion was observed in this case. The 
rate at which untwisting occurred in the first sample 
and the total number of turns were observed at two 
different pressures, 1.4 cm. and 16.2 cm. In 
neither case did the twisting motion parallel the 
contraction of the yarn or the rate of weight ir- 
crease. Figure 11 compares the three rates ob- 
tained in one experiment. In none of these experi- . 
ments was the removal of the original twist com- 
plete, only ? of the original number of turns being 
removed. 


Discussion 
Effect of Tension 


The effect of tension on the contraction produced 
by the HCI on nylon yarn is evidently an appreci- 
able one, as shown by Figure 2. By extrapolation 
of the log AL vs. W relation shown in Figure 4, the 
extension for this monofilament was calculated to 
be about 14% for zero tension, so that even with 
only a 1-g. tension, the contraction has been re- 
duced from 14% to nearly 10%. However, irre- 
spective of the tension applied, within the limits of 
these experiments, the mechanism appears to be 
the same, as indicated by the similarity in the shape 
of the curves in all cases. This is more clearly 
shown in Figure 3, where the contraction is given 
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250 
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Fig. 11. Comparison of rate of sorption with rate of con- 
traction and rate of untwisting at 23°C. A = sorption, B = 
untwisting, C = contraction. Full lines: pressure = 16.2 
cm., dotted lines: pressure = 0.43 cm. The time scale for 
the dotted lines is in hours in lieu of minutes. 


as a percentage of the maximum contraction ob- 
served. Except for the initial portion of the curve, 
all points fall on one curve. The contraction pro- 
duced during the initial stage of the sorption ap- 
pears to be of a different type. One might be 
tempted to ascribe this to a skin effect, but this can- 
not be the case, since calculation of the amount of 
HCI sorbed when the point of inflexion in the curve 
is reached shows this to be about 25% of the total 
amount eventually taken up. The higher relative 
contraction produced in the filament under the 
higher tensions is rather unexpected, but may be 
due possibly to a relatively more rapid rate of pene- 
tration of the HCl. It was observed in carrying 
out experiments with the apparatus of Figure 1 
that when the yarn was under tension, the initial 
rate of HCI pick-up, as well as the rate of contrac- 
tion, was greater than when the yarn was under no 
tension, although the final amount of HCI sorbed 
was practically the same in both cases and the final 
contraction of the tensioned yarn much less than 
that of the untensioned yarn. There is no immedi- 
ate explanation for this peculiar behavior, which is 
contrary to what one might expect. It may be 
noted that the point of inflexion in the curves of 
Figure 2 and Figure 3 corresponds approximately 
to the time when the HCI reaches the center of the 
filament. This may or may not be significant. 
The relationship between contraction and HCI up- 
take will be discussed further in the next section, 
but a word should be said at this point about the 
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relationships shown in Figure 4 and Figure 5. 
These were obtained empirically, but a theoretical 
explanation can be found for Figure 4. However, 
as plotted in this figure, the relationship suffers 
from the fact that it gives an infinite weight to pro- 
duce zero contraction, whereas Figure 5 is better in 
this respect as it gives a reasonable value (9-10 g.) 
for the tension necessary to annul the contraction. 
The contraction resulting from the sorption of the 
HCI must be due to a folding of some of the poly- 
mer chains made possible by the rupture of certain 
interchain bonds, whatever their nature may be, by 
the HCI. One can therefore apply the theory of 
reaction rates to this process and arrive at some 
equations relating the contraction to the tension of 
the filament. Let A in the accompanying energy 


DISTANCE AXIS 


curve represent the chain in its original state and B 
in the folded state after the HCI has broken the 
energy barrier to the change. Then the rate at 
which the folding takes place in the unstressed 
filament can be written 


~ - _ afi 
(Co - ©) Pe RT 


where AF; is the energy barrier which has to be 
surmounted to pass from A to B. The factor C, 
— C represents the number of units which remain 
to be folded, where C is the number of units which 
have already been folded and C,, is the total number 
of units capable of being folded. For the reverse 
reaction, we have similarly the expression 


If a stress F is applied and the number of flow units 
per unit cross section is N, then the average force 


per unit will be F/N. Representing the distance 
between successive equilibrium positions of the 
flow unit by A, then the work done by the force op- 
posing the movement will be FA/N; that is, the con- 
tribution of this force to the barrier will be FA/N kT 
where the k7 is introduced to make the energy con- 
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sistent throughout. Evidently the effect of the 
force will be to oppose that of the HCl. In other 
words, the tension will increase the potential barrier 
from A to B and will reduce that from B to A, as in- 
dicated by the dotted lines in the energy diagram. 
Therefore, with the applied tension, the rates be- 
come 


+ T 3h 
C) td e RT e7aF 


K = (C. — 


where a = \/NRT. 


is kT _ AF + AF: 
K = C—e kr oe 


h 


At equilibrium, K = K and 
+ _ AFi 7 _ 4Fi + AF: 
(Co - C) - e RT ¢-oF = c= e RT er 


AF: 
RT + 2aF 


In of =— a + 2aF = K + 2aF 
where K is a constant. When C,/C is large 
compared to 1, as it presumably is in our case, 
In C,, — C/C can be written In C,/C = In C, — InC. 

We therefore have In C,, — In C = k + 2aF, from 
which we see that log C should be linear with F, as 
indicated in Figure 4. From the slope of our 
curves, it is possible to calculate what the order of 
magnitude of A might be. At 27.8° C. the slope of 
Curve 6 = 0.264 = 2a. 


r A X 980 


a = 0.132 = SET = 83 x 10° x 4.14 X 10-* 





where N = 8.3 X 10° is assumed to be the total 
number of chains in the cross section of the filament 
on the basis of perfect orientation. 

This gives a value for \ of 4.63 A, which is quite 
reasonable, since only a few links of the polymer 
chain must be involved in such contraction. 

The force necessary to prevent contraction will 
depend on the creep properties of the nylon with 
the sorbed HCl. The contraction will be nil when 
the rate of contraction caused by the HCl is exactly 
balanced by the rate of creep caused by the weight. 

The data on hand do not permit further calcula- 
tions of this sort because it was found that the con- 
traction does not depend only on the amount of 
HCI sorbed but also on the rate at which the HCI 
diffuses into the nylon. The energetics of the proc- 
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ess are being studied in experiments under way. 
The complex nature of the contraction is also evi- 
dent during the desorption process, when the nylon 
filament or yarn is found to contract further. This 
is further proof that the contraction does not de- 
pend solely on the amount of HCI present but is 
related to the diffusion process. One can imagine 
that, during the diffusion of the HCI, holes are pro- 
duced which allow a certain amount of chain folding. 
The contraction will then depend mainly on the 
creation of these holes. If the holes are filled too 
rapidly (rapid diffusion at high pressures or high 
temperatures) the contraction will be small; if the 
holes have an appreciable life the contraction will 
be large. 

The presence of moisture has also been found to 
have a decided effect on the contraction. In one 
particular experiment in which equilibrium had 
practically been reached, a leak developed in the 
apparatus, allowing air to enter. This caused a 
pronounced decrease in the length of the filament, 
and after the leak was corrected and the apparatus 
was re-evacuated the nylon continued to contract. 
The contraction produced by the presence of the 
moisture in the air was 12.0% on a sample that had 
contracted 11.9% in the HCl, thus giving a total 
contraction of 23.9%. Another sample that had 
contracted 8.5% in the HCI had a total contraction 
of 17.2% after the introduction of the moisture. 
The influence of moisture is to be investigated in 
controlled experiments. 


Effect of Rate of Diffusion 


It will be noted in Figure 4 and Figure 5 that the 
contraction obtained at the low pressure of 1.4 cm. 
(Curves 1 and F) was greater than that obtained at 
a pressure of 15.6 cm. (Curves 4 and C) at the same 
temperature. Apparently the reason for this is 
that the contraction is a comparatively slow pro- 
cess. If the diffusion of the HCI is too rapid, the 
contraction will not be able to follow it. This is 
well shown in Figure 8, where the rate of uptake of 
the HCI and the rate of contraction are compared. 
At low pressures the diffusion will be slower than at 
high pressures and the effect of the HCI on the con- 
traction will be more pronounced. The tempera- 
ture will also influence the contraction for the same 
reason. The diffusion at the low temperatures will 
be slower than at the high temperature and the 
contraction will thus be greater. This is indeed 
the case, as shown by a comparison of the Curves 
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6 and A, obtained at 27.8°, with the curves obtained 
at 22° (4 and C) and at 7° (3 and D). 

An equation expressing the rate of contraction 
during the sorption of HCI may be derived as fol- 
lows. Let us assume that the contraction is di- 
rectly proportional to the number of bonds being 
broken. This will depend on the number of un- 
broken bonds remaining and on the concentration 
of HCl. One can write 


dAL . 

aT = KM,(ALy eee, AL,) 
where AL, is the contraction at time ¢, Aly is the 
Maximum contraction observed, and AM, is the 
amount of HCl sorbed at time ¢. We have then 
d log (ALy — AL,) =— KM,dT, or 


log (ALy — AL,) = K f M,dT +C (1) 


The integration of Midt can be carried out graph- 
ically, or the equation for diffusion through a cyl- 
inder may be used. However, since the diffusion 
of the HCI has been found to be well represented by 
the equation for simple diffusion through a cylinder, 
a simpler relation can be used. 

As Figure 8 and Figure 9 show, the observed up- 
take of HC] agrees well with the points calculated 
according to the formulae given by Crank [1] for 
diffusion through a cylinder, at least up to 50% 
pick-up. It is well known that in the early stages 
the diffusion, considered to take place in a semi- 
infinite medium, is proportional to the square root 
of the time. Figure 7 shows that this is the case in 
our experiments. The relation apparently holds 
When the diffusion 


coefficient increases with increasing concentration, 


uite well up to 60% or more. 
Cc 


and we have good reasons for believing it does in 
our case, the linear behavior may extend well be- 
yond 50% of the final equilibrium uptake [2]. 
The fact that the line in Figure 7 does not pass 
through the origin may be due to a rapid adsorption 
of the HCI when it is first introduced into the ap- 
paratus. 

In Equation 1, one can thus substitute k’ vt for 
M,: 


log (ALy — AL,) = k’t! 


Figure 6 shows that this relation holds quite well up 
to over 100 min. Since the observed rates of HCl 
pick-up have been found to obey the usual equations 
for the diffusion through a cylinder, these may be 
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used to calculate a coefficient of diffusion for the 
HCI through nylon. By use of the fact that when 
M,./M = 0.606, Dt/a? = 0.1, where a is the radius 
of the cylinder (1), Figure 8 gives ¢ = 26 min., 
and when a = 10 yu, one calculates D to be 6.4 
X 10-" cm.?/sec. However, this is only an appar- 
ent diffusion coefficient, as the diffusion will be 
slowed by the adsorption of the HCI by the nylon. 
If one assumes that this adsorption is rapid com- 
pared to the rate of diffusion, the apparent diffusion 
coefficient will be smaller than the true diffusion 
coefficient by a factor which will depend on the re- 
lation between the concentration of the free diffus- 
ing HCl and the amount of HCI fixed by the nylon. 
The regular equation for diffusion, 


dC aC 
a” dx 
becomes 
dC #C  4$ 
ade dt 


when a concentration S of the diffusing substance 
becomes immobilized by the fiber. The sorpticn 
of HCl by nylon seems to follow the Langmuir 
equation fairly well; in such. a case the diffusion 
coefficient increases with concentration, but in the 
early stages S can be taken as proportional to the 
concentration C, i.e. S = kC, in which case the 
equation for diffusion is 


ree? ae ae 
dad K+idx 


,#C 
dx* 


where D is the true coefficient of diffusion and D’ is 
the apparent coefficient. From our data obtained 
at room temperature, the ratio S/C is found to be 
about 53,000, which gives D = 3.4 K 10-* cm 

sec. 


Effect of Drawing 


The results given in Figure 10 indicate a linear 
relationship between the degree of drawing and the 
length of the contracted filament. This means 
that the HCI removes a definite fraction of the ex- 
tension imposed on the yarn. Let & be the exten- 
sion and x the fraction of this extension removed by 
the HCI; then the original length L of the yarn be- 
comes L +E after drawing and L + E(1 — x) 
after the contraction produced by the HCl. If 
this residual length is to be a linear function of £, 
x must be constant. However, as already men- 
tioned, the value of x will depend on the history of 
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the sample, and any fixation of the extension such _ barrier to the folding of the chains and thus allow 
as that caused by heating will result in a reduction the entropy to become operative. 
of x. 

The results shown in Figure 10 represent the fect of HCl on Twist 

lengths of the drawn yarns after maximum contrac- Since the removal of twist does not involve any 
tion had been reached, at which time the undrawn appreciable shortening of the chains but simply a 
yarn showed no appreciable change. This maxi- small rotary displacement of them, one would ex- 
mum contraction occurred after 2—2} hr. under the pect that untwisting by the HCI would occur more 
conditions of our experiment, but after this the readily than any change in length. This actually 
yarn gradually increased in length for about 76hr., is the case, as indicated in Figure 11. Here the 
after which the change became negligible. The in- rate of untwisting is much closer to the rate of HCI 
crease in length of the undrawn yarn over this uptake. In fact, for the low pressure results, it is 

period was 4.4%, and that of the drawn yarns almost coincident with it. However, as for con- 

\ abe between 3.7 and 4.6% traction, the rate of untwisting appears to be a proc- 
- Peterson [4] noted a aie contraction or an ex- ess te: nking place at a definite rate and opposed by a 
pansion of the undrawn yarn with which he worked, eles» energy barrier. Consequently, as with con- 
depending on the HC! pressure or the amount of traction, it is aided by a slow rate of diffusion, as 
HCl sorbed. But, as already pointed out, it is shown by the fact that the untwisting rate at the 
doubtful whether one can relate the contraction di- ow pressure, is more nearly that of the HCI uptake 
rectly to the amount of HCI sorbed. However, than the rate‘obtained at the higher pressure. The 
since Peterson does not state under what conditions fact that only about 70% of the original twist was 
his length measurements were made, it is difficult 
to compare his results with ours. 

It is interesting to note that Peterson has applied” from the action process in that desorption 
the Le Chatelier principle to the relation between does ngffesult in any. further change. 
HCI sorption and tension to conclude that yarn is 
under tension should have a lower HCl uptake Literature Cited 
than when no tension is applied. We have already , Crank, J., J. Soc. Dyers Colourists 66, 366 (1950). 
shown that this is not so. Our results are not a) Crank, J., ““Mathematics. of Diffusion,”” London, 
contradiction of Le Chatelier’s principle, however, Oxford University Press, 276 (1956). 
since we have also shown that the contraction isnot 3. Larose, P., TEXTILE RESEARCH JOURNAL 25, 956, 
related directly to the amount of HCI sorbed. The 1004 (1955). 
contraction is merely the result of entropy which . Peterson, L. E., Ph.D. Thesis, University of Minne- 
will tend to reduce the length of any drawn yarn. sota (1954). 
The role of the HCI is to break down the energy Manuscript received July 23, 1958. 


removed in either experimeet also points to a rate 
process. The untwisting behavior, however, differs 


- 
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Effects of Crimp and Cross-Sectional Area on the 
Mechanical Properties of Wool Fibers” 


Joseph H. Dusenbury and James H. Wakelin 


Textile Research Institute, Princeton, New Jersey 


Abstract 


Force-extension data for a large number of wool fibers of various types have been 
analyzed in detail by statistical methods in order to determine the effects of fiber crimp 
and cross-sectional area on mechanical behavior. During the initial stages of crimp 
removal, the extensional behavior is controlied by fiber bending; during later stages of 
crimp removal, this behavior is controlled by both fiber bending and extension. Finally, 
as the crimp removal approaches completion, the behavior is controlled by the exten- 
sional modulus of the fiber. This modulus is perturbed by differential bending strains 
associated with crimp removal which act to decrease the modulus below that for an un- 
crimped fiber. Generally good correlation has been found between visual estimates of 
crimp and mechanical estimates based on analysis of the low-extension region of the 
force-extension curve. The methods of crimp evaluation used indicate that within a 
group of fibers taken from the same Rambouillet sheep the crimp level increases with 
increasing fiber diameter, and among fibers taken from sheep of different breeds the 
crimp level decreases with increasing fiber diameter. It is also observed that the 
rupture properties, breaking stress and breaking extension, generally increase with 






















increasing fiber diameter. 


Introduction 


The influence of crimp and cross-sectional area on 
the physical properties of wool fibers has received 
considerable attention in the recent literature. 
The interest in this field has arisen because crimp 
and cross-sectional area of fibers are important in 
affecting the processing behavior of fiber assemblies 
as well as the properties of textile assemblies made 
from fibers of different crimp level and fiber diam- 
eter. In addition, a study of the crimp character- 
istics of wool fibers may result in information valu- 
able to man-made fiber producers, who are intro- 
ducing crimp into filament or staple fibers to achieve 
processing advantages or to provide loft, soft handle, 
or greater extensibility in knitted or woven fabrics. 

Techniques for measuring the crimp level in 
single fibers have been suggested by Rainard and 
Abbott [19], Evans and Montgomery [9], Brown 
[5], and Alexander, Lewin, Musham, and Shiloh 


1 This work was carried out under the sponsorship of the 
Office of Naval Research, Department of the Navy. Repro- 
duction in whole or in part is permitted for any purpose of the 
United States Government. 

? Presented in part at the Spring Meeting of The Fiber 
Society, Inc., Clemson, South Carolina, April 30, 1958. 
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Various mechanical models to approximate 
the behavior of single wool fibers in the low-exten- 
sion or uncrimping region have been proposed and 
studied by Van Wyk and Venter [20], Walls [22], 
and Holdaway [10]. The influence of fiber crimp 
and diameter on the physical properties of fibers has 


been studied rather extensively. Barach and 
Rainard [3] have observed that the introduction of 
artificial crimp into wool fibers decreased their 
tensile properties, and Dillon [6] has observed the 
same effect due to crimp in nylon and Dacron® and 
has shown how a stress gradient across the fiber 
cross section, established by uncrimping the fiber, 
could decrease the measured elastic modulus. The 
observed decreases in tensile properties, such as 
breaking stress, may be due in some cases to damage 
to the fibers associated with the process used to 
impart crimp. Evans [8] has studied the influence 
of fiber crimp and diameter on the mechanical 
properties of three types of South African Merino 
wools of various grades; O'Connell and Lundgren 
[16] and O’Connell and Yeiser [17] have analyzed 
the influence of fiber crimp and diameter on the 


3 Du Pont trademark. 
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physical properties of wool from sheep of the Ram- 
bouillet, Columbia, Suffolk, Lincoln, and Navajo 
breeds and have concluded that ‘‘wool fibers which 
differ in crimp differ significantly in tensile proper- 
ties’’ and that the modification of tensile properties 
reflects ‘fundamental histological differences among 
wool fibers.”’ 

Histological studies on fiber crimp in terms of the 
bilateral structure of wool, discovered by Horio and 
Kondo [11] and by Mercer [13] and recently re- 
viewed by Dusenbury and Menkart [7 ], have pro- 
vided further insight into the mechanical behavior 
of wool in relation to its fiber structure. Menkart 
and Detenbeck [12] have reported on the influence 
of wool fiber crimp on worsted processing behavior 
through to top, roving, and yarn, and on the proper- 
ties of these fiber assemblies and of fabric. They 
have found that both processing behavior and fabric 
quality are improved with increasing fiber crimp. 
These workers, who studied in detail the properties 
of two Australian Merino wools closely similar in 
single-fiber diameter and length but differing 
markedly in crimp, have found as did previous 
investigators that there is an inverse relationship 
between crimp and Young’s modulus. In the case 
of mechanical properties measured further along 
the fiber force—-extension curve (stresses at 5% and 
20% extension and at the break, extension at the 
break, and breaking energy per unit volume), Men- 
kart and Detenbeck have reported differences be- 
tween the untreated high- and low-crimp fibers that 
are not statistically significant (90% confidence 
level or less) for the fibers tested either dry (65% 
RH) or wet (pH 9.2 aqueous buffer solution). 

Other work, concerned principally with the effect 
of diameter on the mechanical properties of fibers, 
is controversial. For example, Bosman, Waterston, 
and Van Wyk [4], reporting on studies with fiber 
bundles, state that wool fibers of large diameter are 
weaker than those of small diameter, while von 
Bergen’s data [21] indicate the contrary. The 
single-fiber data of Anderson and Cox [2 ], obtained 
at constant gauge length, indicate that the larger 
diameter fibers are stronger; Evans [8] states that 
there is no significant effect of fiber diameter on 
breaking stress; and Meybeck and Gianola [14] 
state that there is a significant decrease in breaking 
stress with an increase of fiber diameter. In their 
studies of the physical properties of four ‘“‘master 
wools,”” which constituted a portion of the first 
Wool Research Project at: Textile Research Insti- 
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tute, Evans and Montgomery [9] reported no 
significant dependence of stresses on cross-sectional 
area, but said that ‘“‘there is a definite tendency for 
the larger fibers in each wool type to have a higher 
extension at break than the smaller fibers. . . .” 

The purposes of the studies reported in this 
paper are (1) to obtain quantitative information 
about the relationship between visual and mechani- 
cal estimates of crimp in wool fibers, (2) to deter- 
mine the relationships between crimp and the me- 
chanical properties of wool fibers selected from a 
single sheep and from several sheep representing 
five different wool types, and (3) to learn more about 
the influence of fiber diameter on crimp and me- 
chanical properties. As a part of this work, it was 
decided to investigate in considerable detail the 
relation between force and fiber cross-sectional area 
in the uncrimping region. 


Materials and Test Procedures 


The experimental work was carried out in two 
parts. The first part was concerned with the meas- 
urement of the properties of 46 fibers withdrawn 
from a single lock of U. S. Rambouillet 64’s grade 
wool, kindly supplied by Dr. Harold P. Lundgren 
of the Western Utilization Research and Develop- 
ment Division, U. S. Department of Agriculture. 
He and his associates had already conducted meas- 
urements similar to those reported here, using tech- 
niques for measuring fiber crimp and physical prop- 
erties developed in his laboratory. The second 
part of the work was concerned with measurement 
of the properties of 112 fibers withdrawn from sam- 
ples of Rambouillet, Columbia, Suffolk, Lincoln, 
and Navajo wool sheared in 1951 from sheep sta- 
tioned at the ranch of Mr. Howard Vaughn near 
Dixon, California, and supplied to us through the 
courtesy of Mr. Vaughn and Dr. Lundgren. These 
wools are referred to in this paper as the California 


Vaughn Wools [16]. 


Fibers from Single Lock of Rambouillet 64's Wool 


The lock of Rambouillet 64’s wool and the sam- 
ples of California Vaughn Wools were cleaned in 
carbon tetrachloride at room temperature prior to 
preparation for testing. Forty-six fibers were with- 
drawn at random from the 64’s Rambouillet lock 
and each fiber was mounted on cellulose acetate 
tabs to provide a test length of approximately 1 in. 


Handling stresses imposed on the fibers by selection 
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and mounting were relieved by wetting them out in 
distilled water at room temperature and allowing 
them to come to equilibrium at 65% RH and 70° F. 
on the desorption side of the water-on-wool iso- 
therm. Each fiber was then vibroscoped to deter- 
mine its mass per unit length [15]. While these 
fibers were on the vibroscope stand, visual estimates 
of the number of crimps per inch for each fiber were 
made with the vibroscoping weight of about 240 mg. 
on the fiber (V,) and with no weight on the fiber 
(N2). 

After the vibroscope measurements, the fibers 
were then extended on the Instron Tensile Tester 
at a rate of extension of 0.1 in./min. reversibly 
through the Hookean region at 65% RH and 70° F. 
This cycling procedure is designated in this paper 
as the T-2 Dry Test. After this, the same fibers 
were immersed in an aqueous solution of 0.1 M 
sodium borate to provide a buffered solution of pH 
9.2 at 70° F. and, after 24 hr., they were extended 
reversibly again in the buffered solution at a rate 
of extension of 0.1 in./min. through the Hookean 
region. This procedure is designated as the T-2 
Wet Test. Finally, after another 24 hr., the 


fibers were extended to break in the buffered solu- 
tion at a rate of extension of 0.5 in./min.; this pro- 


cedure is designated as the T-1 Wet Test. 

For the cycling tests (T-2), the following mechan- 
ical properties were measured: uncrimping length 
(xo 20), uncrimping force (Fo), and the Hookean 
slope (k). From the force—extension curves of 
these fibers extended to break, the following me- 
chanical properties were measured: uncrimping 
force (Fo), Hookean slope (&), force at 5% exten- 
sion (F;5), force at 20% extension (F2), breaking 
force (Fg), breaking estension (eg), and breaking 
energy (Ez). 


California Vaughn Wools 


Altogether, 112 fibers of the California Vaughn 
Wools were tested. Two fibers from each of eleven 
sheep for each of the five different breeds (two fibers 
from each of twelve sheep in the case of the Navajo 
wool) were randomly selected, mounted on tabs, 
relaxed in distilled water, and vibroscoped as de- 
scribed earlier for the 46 fibers from the single lock 
of 64's Rambouillet wool. These fibers were then 
extended to break at 65% RH and 70° F. at a rate 
of extension of 0.5 in./min. (T-1 Dry Test); the 
following properties were measured: uncrimping 
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force (Fo), Hookean slope (k), force at 20% exten- 
sion (F29), breaking force (Fg), and breaking exten- 
sion (és). 

The five different breeds and general quality rat- 
ings for the shoulder fleece samples of these Cali- 
fornia Vaughn Wools studied were as follows: 


‘ 


Rambouillet 
Columbia 
Suffolk 
Lincoln ca. 
Navajo 


coarse 


The testing of a relatively small number of fibers 
for each sheep may be subject to criticism, but it 
should be pointed out that, relative to the size of 
sample often used to evaluate the single-fiber prop- 
erties of a given wool, the number of fibers involved 
here is significantly large, and represents an excel- 
lent selection of the total number of sheep involved. 


Statistical Analysis of Data 


The number of crimps per inch for the fibers 
taken from the single lock of 64’s Rambouillet wool 
counted with the vibroscoping weight on the fibers 
(N,) and the number counted with no weight on the 
fibers (N:2) were selected as visual estimates of 
crimp, while the following four properties were se- 
lected as mechanical estimates of crimp: the un- 
crimping force (F»); the uncrimping extension 
(xe.20/lo), where J) is the length of the fiber at zero 
extension determined by extrapolation of the 
Hookean slope to zero force; and the uncrimping 
energy per unit volume of fiber ( Foxo.20//0A), where 
A is the cross-sectional area of the fiber. 

The following properties derived from the force— 
extension curve beyond the uncrimping region were 
selected as those to be used to study the effects of 
crimp and cross-sectional area: the Young’s modu- 
lus (E or k/A), the stress at 20% extension (S20 or 
Fy/A), the breaking stress (Sg or Fg/A), the 
breaking extension (eg), and the breaking energy 
per unit volume of fiber (£g//,A). For further 
details of the valuation of the mechanical proper- 
ties of single wool fibers, the reader is referred to 
the work of Evans and Montgomery [9]. 

Both simple and multiple regression procedures 
were used to determine the dependences of mechan- 
ical properties on crimp and cross-sectional area. 
In the case of the simple regressions, the exponent 
b with its 95% confidence limit was computed for 
the relationship Y = aX°, where Y is the dependent 
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variable and X is the independent variable. Simi- 
larly, in the case of the multiple regressions, the ex- 
ponents 6, and }, with their 95% confidence limits 
were computed for the relationship Y = aX ,°1X,°:, 
where Y is the dependent variable and X, and X, are 
the independent variables. 

At this point discussion of the method used for 
statistical analysis of the data is appropriate; this 
discussion centers about the question of whether the 
least-squares-regression analyses should be carried 
out on the observed values for a given physical 
property or on the logarithms of these values. The 
analyses were carried out on the observed values in 
the work reported by O’Connell and Lundgren [16 ] 
and by O'Connell and Yeiser [17]. The decision 
on which method to use depends largely upon 
whether the variances in question may be consid- 
ered homogeneous, i.e., independent of the corre- 
sponding mean values. It has been pointed out by 
Anderson and Cox [2] and by Evans [8 ], however, 
that the assumption of homogeneity of variance is 
likely to be invalid in the case of studies carried 
out on wool fibers, where the variance observed for 
a particular property often increases with the mean 
value. To obviate this difficulty, analyses are fre- 





TABLE I. Cross-Sectional Area and Visual Crimp 
Estimates of 46 Rambouillet Wool Fibers 
C.V., % 


Property Mean value 


Cross-sectional area, A, 
micron? 

Crimp frequency with ca. 
0.24 g. load on fiber, Ni, 9.2 
crimps/in. 

Crimp frequency with 
NO load on fiber, No, 
crimps/in. 


376 32 





TABLE II. T-2 Test Properties of 46 
Rambouillet Wool Fibers 


(extended through uncrimping region at 70° F.) 


Property Test Mean value C.V., % 





Young’s modulus, E, 
g./cm.? X 10-6 


27.4 18 
11.6 18 


0.082 27 
0.031 15 


1.76 40 
1.84 36 


Dry 
Wet 


Dry 
Wet 


Dry 
Wet 


Uncrimping stress, Fo/A, 
g./cm.? X 10-6 


Uncrimping extension, Xo.20/lo, 
% of lo 


Uncrimping energy /unit 
volume, Foxo.20/loA, 


Dry 14.8 60 
g.cm./cem.? K 10 


Wet 5.8 48 
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quently carried out on the logarithms of the ob- 
served values rather than on the observed values 
themselves. Often this procedure greatly reduces 
and sometimes completely eliminates the problem 
of inhomogeneity of variance. Furthermore, this 
procedure leads to the establishment of more general 
relationships between the variables under study; 
i.e., it leads to exponential rather than linear rela- 
tionships. Considerations of this sort led Ander- 
son and Cox [2] and Evans [8] to analyze their 
data by carrying out least-squares regressions on 
logarithms of their experimental values; their 
methods have influenced the adoption of such a 
procedure for the data reported in this paper. 


¢ 


Properties of Fibers from Single Lock 
of Rambouillet Wool 


The fibers withdrawn from a single lock of 64's 
Rambouillet wool come from an area no greater 
than 1 sq. in. on the shoulder of a single sheep ; there- 
fore, the variance of their properties is likely to be 
the minimum expected in testing wocl fibers. In 
addition, the relationships observed among these 
properties are free of all between-sheep effects. 
The mean values observed for the cross-sectional 
area and for the two visual estimates of crimp, 
and N2, together with the corresponding coefficients 
of variation, are listed in Table I. 

In Table II, the corresponding mean values and 
coefficients of variation are listed for the mechani- 
cal properties derived from the force-extension 


TABLE III. T-1 Test Properties of 46 
Rambouiliet Wool Fibers 
(extended to break in pH 9.2 buffer solution at 70° F.) 
C.V., % 


Property Mean value 





Young's modulus, E, 12.3 


g./cm.2 x 107° 


Uncrimping stress, Fo/A, 0.030 


g./cm. x 10-* 


Stress at 5% extension, S;, 0.334 


g./cem.2 X 107 


Stress at 20% extension, S20, 0.429 


g-/cm.2 K 10-* 


Breaking stress, Sz, 
g./cm.? X 10-* 


Breaking extension, és, 
% of lo 


Breaking energy /unit volume, 
Es/kbA, g.cm./cem.* K 10~ 
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TABLE IV. Simple Dependences of Mechanical Estimates 
of Crimp on Visual Crimp and Fiber Cross-Sectional Area 
for 46 Rambouillet Wool Fibers 
Y =a X* 


Dependent 
variable, 


Independent 
variable, 


} X 


b + toot» 





N,; y 0.655 + 0.245 
N2 4 0.141 0.146 


T-2 Dry Fy . 1.638 + 0.160 
Fo N 1.135 0.366 
Fy N; 1.124 0.985 


Fo d 1.422 + 0.094 
Fy N 0.920 0.321 
Fy N2 0.924 0.836 


T-1 Wet F, 1.400 + 0.115 


T-2 Dry Xo.20/lo 
Xo.20 /Io 
Xo. 20/lo 


1.025 + 0.239 
0.931 0.251 
1.166 0.699 
T-2 Wet Xo. 20 lo 0.568 = 0.340 
Xe 20/lo l 0.608 0.317 
Xo.20 lo i Is 1.240 0.660 
T-2 Dry Foxe 20 
Foxo.20 
Fox 20 


745 + 0.384 
123 0.604 
.248 1.699 


Foxe 20 
Foxo.2 
Fx 26 


071 + 0.417 

584 0.544 
2.123 1.361 
T-2 Dry Fete.s0 
Fxo 2 
Foxe 20/ be 


1.616 + 0.370 
1.441 0.397 
1.716 1.109 
T-2 Wet Foxo.21 
Fox» 20/ Fe 
Fox: 20/ 


0.987 + 0.404 
0.921 0.395 
1.604 0.877 


curves of the T-2 Dry and T-2 Wet Tests. Except 
for the uncrimping extension, the effect of the pH 
9.2 aqueous buffer solution is to reduce drastically 
the vaiues for the uncrimping parameters. The re- 
sults of analysis of variance of the data for the un- 
crimping extension indicate that there is a real in- 
crease in this parameter caused by the exposure to 
the buffer solution. This is likely to be due to a 
decrease in some sort of strain in the fibers; how- 
ever, any detailed explanation of the effect would be 
highly speculative at this time. 

The results of the T-1 Wet Tests are given in 
Table III. The relatively low values observed 
for the coefficients of variation for the stresses at 
5% and at 20% extension, as well as the higher 
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TABLE V. Simple Dependence of Young’s Modulus on 
Crimp and Fiber Cross-Sectional Area for 46 Rambouillet 
Wool Fibers 


Y =a xX 
Dependent Independent 


variable, variable, 


Y X b + to. ost 





A —0.187 + 0.184 
N, —0.151 0.180 
N: —0.672 0.326 
Fy —0.069 0.110 
Xo 20/lo — 0.190 0.137 
Foxe 20 —0.055 

Foxo 20 1L,A —0.079 


A — 0.268 
N, —0.258 
N:; —0.802 
Fy —0.194 
Xo.20/lo — 0.296 
FoXo.20 — 0.142 
Foxe 20 1,A —0.222 


—0.321 
—0.278 
—0.788 
—0.226 


0.167 
0.305 
0.115 


Both bebe Shas | 





TABLE VI. Simple Dependences of High-Extension 
Properties of 46 Rambouillet Wool Fibers on Crimp and 
and Cross-Sectional Area, T-1 Wet Tests 


Y =a xX 


Dependent Independent 
variable, variable, 
Y - 


b + to 03d 
0.040 + 0.042 
0.033 0.042 
0.004 0.086 
0.031 0.028 





0.317 + 0.123 
0.178 0.140 
—0.114 0.309 
0.221 0.084 


0.195 + 0.069 
0.106 0.081 
—0.007 0.182 
0.134 0.048 


Ep/kA 
Ep/lbA 
Egp/hA 
Ep/lhA 


0.446 + 0.159 
0.237 0.188 
—0.090 0.416 
0.310 0.109 





C.\V.’s observed for the other properties, are similar 
to other findings for wool reported by Evans and 
Montgomery [9]. The larger C.V. for breaking 
stress as compared to the stress at 20% extension is 
related to the fact that there is a variation in break- 
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ing extension ; i.e., the fibers with greater breaking 
stress exhibit greater breaking extension. 

The simple dependences of the two visual esti- 
mates of crimp, NV; and Ne, and of the mechanical 
properties derived from the T-2 and T-1 force- 
extension curves on the various crimp parameters 
and on cross-sectional area have been computed on 
the basis of the relationship Y = aX° and are pre- 
sented in Tables IV, V, and VI as simple regression 
coefficients, 6, with their corresponding 95% con- 
fidence limits, + to.csés. 

Table VII isa summary of the result of the multi- 
ple-regression analyses, in which the principal me- 
chanical properties derived from the force—exten- 
sion curve are related to fiber cross-sectional area 
as well as to the visual and mechanical estimates of 
crimp. These relationships have been computed 
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according to the equation shown in Table VII; the 
partial regression coefficients, b; and b2, are shown 
listed therein with their corresponding 95% con- 
fidence limits. 

Figure 1 shows the dependence on cross-sectional 
area of the visual estimate of fiber crimp (V;) witha 
weight of about 240 mg. on each fiber, and Figure 2 
shows a similar dependence (V.) for no weight on 
the fiber. The limits indicated numerically in 
these and succeeding figures are 95% confidence 
limits for the corresponding regression coefficients, 
i.e., the 6 values. Figures 3 and 4 show how the 
uncrimping force (/) is related to the fiber cross- 
sectional area for the T-2 Dry and T-2 Wet Tests, 
respectively. Figure 5 illustrates the negative 
dependence of Young’s modulus on fiber cross-sec- 
tional area in the case of both the T-2 Dry and 





TABLE VII. Results of Multiple-Regression Analyses of Data for 46 Rambouillet Wool Fibers 
Y=aX,/xX 
Dependent Independent 
variable variables 


y See See foes Pe eee 


Regression coefficients 





X 1 x : 


N; 
N: 
Fo 
Xo 20/lo 
Foxo 20 
Foxy 20/loA 


Ni 
N: 
Fo 
Xo.20/lo 
Fuxo 20 
Foxo 20/loA 


MN, 
N2 
Fy 


'E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 


MN, 


, 
24) 

ss 
> 


Sp 
Sp 
Sp 


eB 
eB 
eB 


Ep/lA 
Ep/lA 
Ep/lA 


* (0.0443 + 0.0437). 


by + to. osm 


be + to. owe: 








—0.062 + 0.230 
—0.616 0.338 
0.369 0.336 
—0.203 0.229 
0.005 0.148 
—0.015 0.153 


—O.159 + 0.212 
—0.708 0.293 
—0.316 0.559 
—0.250 0.137 
—0.172 0.117 
—0.194 0.118 


—0.139 + 0.207 
—0.660 0.290 
—0.175 0.445 


0.015 + 0.052 
—0.029 0.087 
0.068 0.109 


—€.025 + 0.154 
—0.316 0.239 
0.153 0.324 


—0.021 + 0.087 
—0.127 0.141 
0.059 0.184 


— 0.055 + 0.200 
--0.368 0.316 
0.195 0.422 


— 0.146 + 0.239 
—0.100 0.169 
—0.792 0.578 

0.021 0.295 
—0.200 0.446 
—0.163 0.310 


—0.164 + 0.221 
—0.168 0.147 
0.182 0.814 
—0.126 0.172 
0.089 0.290 
—0.076 0.195 


—0.230 + 0.215 
—0.228 0.145 
—9.076 0.646 


0.031 + 0.054 
0.044 0.044" 
—0.055 0.158 


0.333 + 0.160 
0.362 0.120 
0.103 0470 


0.209 + 0.090 
0.213 0.070 
0.112 0.267 


0.482 + 0.208 
0.497 0.159 
0.172 0.612 
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200 500 1000 
AREA (,4) 


Visual crimp frequency with ca. 0.24-g. weight on 
fiber vs. fiber cross-sectional area. 


CRIMPS INCH 


b=0.1470.15 


AREA (y®) 


Visual crimp frequency with no weight on fiber vs. 
fiber cross-sectional area. 


T-2 Wet Tests, and Figure 6 illustrates the negative 
dependence of Young’s modulus on the visual 
estimate of crimp (N,) for a weighted fiber in the 
case of both the T-2 Dry and T-2 Wet Tests. 

It is appropriate here to consider these data, both 
for the results of the simple regression analyses and 
for those of the multiple regression analyses, in rela- 
tion to other studies in this area by Evans [8 ] and 
by O'Connell et al. [16, 17]. 
for three South African Merino wools and of 
O'Connell et al. for the five California Vaughn 
Wools differ from one another in certain important 
respects, and one of the subsidiary purposes of this 
work is to compare the results of the present studies 
with those of these previous studies. 


The results of Evans 


In this re- 
gard, the results of the regression analyses described 
earlier are important for considering the present 
studies. 

In a general case, let us assume that the depend- 
ence of any single-fiber mechanical property on 
crimp and cross-sectional area may be expressed by 


P = f(C, A) (1) 


al 
J 
995 


| ge 


0.01 


i0o0 =——s«t2h000 500 


AREA (,°) 


Uncrimping force, Fo, vs. fiber cross-sectional area 
for T-2 Dry Tests. 


1000 


Fig. 3. 


10 


b=1.42t009 


pafiaficefindiced 
200 500 1000 
AREA (pu?) 
Uncrimping force, Fo, vs. fiber cross-sectional 
area for T-2 Wet Tests. 


0.01 
100 


Fig. 4. 





b=-0.19t0.18 


8 


b=-0.2720.17 


K/A (g cn) x 10° 


100 1000 


200 
AREA (4°) 


Fig. 5. 


Young’s modulus, &/A or E, vs. fiber cross-sectional 
area for both T-2 Dry and Wet Tests. 


where P is any single-fiber property assumed to de- 
pend on some measure of crimp, C, and on the fiber 
cross-sectional area, A. If it is further assumed 
that the function involved and at least its first 
derivatives are continuous and single-valued, the 
following may be written: 


a (%),4+(%). 
dA \ac/« . 


dA * \aA 

The total derivatives in an expression such as 
Equation 2 may then be determined from the ap- 
propriate simple regressions, and the partial deriva- 
tives may be evaluated from the appropriate 
multiple regressions. No attempt will be made 
here to discuss all of the results in this light, but two 
cases will be considered: the dependence of (1) the 
stress at 20% and/or 30% extension and (2) the 
Young’s modulus on crimp and on fiber cross-sec- 
tional area. 

From all that has been published in the litera- 
ture, it seems safe to assume that the dependence 
of the stress at 20% extension on crimp and cross- 
sectional area would be closely similar to, if not 
identical with, the same dependence of the stress 
at 30% extension. In his work, Evans [8] meas- 
ured the stress at 20% extension of fibers tested dry 
(65% RH and 70° F.), while O’Connell and Lund- 
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8 


T,_ORY 


P 
o b=-0.15t0.18 


o Poo 


K/A (g cri*) x 16° 


N,(CRIMPS INCH™) 


Fig. 6. Young's modulus, &/A or E, vs. visual crimp fre- 
quency with ca. 0.24-g. weight on fiber for both T-2 Dry and 
Wet Tests. 


gren [16] measured the stress at 30% extension of 
fibers tested wet (in water at 70° F.). 

Evans [8] used the uncrimping force, Fo, as a 
measure of crimp; accordingly, the following equa- 
tion may be written: 


Seo = f( Fo, A) (3) 


where Soo is the stress at 20% extension and Fp» is 
the uncrimping force. By making use of the as- 
sumptions stated earlier in the case of Equation 2, 
the following may be written: 


is (ie) Se 1 (85 
dA \@F./4dA 0A he 


wrass aa ( ~— yin) + (0) (4a) 


where the terms in Equation 4a, written directly 
beneath the corresponding terms in Equation 4, 
indicate the findings of Evans [8]. The depend- 
ence of the stress at 30% extension, S30, on crimp 
and fiber cross-sectional area may be expressed in a 
similar manner. This S39 was measured by O’Con- 
nell and Lundgren [16 ]; they carried out their meas- 
urements wet, with the fibers immersed in water at 
70° F. Visual crimp estimates for these fibers, 
made by counting half-waves—a process which 
results in crimp frequencies double those reported 
in this paper—on fibers apparently under no ten- 
sion, have been reported by O’Connell and Yeiser 
[17]. This dependence is 


Sso = f(N, A) 


(4) 


(5) 
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where JN is the crimp frequency. Again, with the 
use of the assumptions associated with Equation 2, 
it is seen that 


dS30 at OS30 dN OS30 
dA (Sr). aat(Zz), © 


(—) = [(-)-(-) J] + () 





(6a) 


where the terms in Equation 6a, written directly 
beneath the corresponding terms in Equation 6, 
indicate the combined findings of O'Connell and 
Lundgren [16] and of O'Connell and Yeiser [17]. 
The question mark in Equation 6a indicates that it 
is not possible to evaluate (05S30/0A)y from the 
data of O'Connell et al. [16,17], because these 
workers did not use multiple regression procedures. 
It is possible, however, from the data of O'Connell 
et al. [16, 17] to evaluate the other partial deriva- 
tive of Equation 6 as indicated in Equation 6a. 
And it is obvious that the partial derivative of 
Equation 6 marked with a question mark would 
have to be sufficiently negative to offset the positive 
value of the product of the other two derivatives 
and result in an overall negative dependence of 
S30 on A. 

From the results of the simple and multiple 
regression analyses carried out on the data for the 
two visual estimates of crimp, V, and Ne, and for 
the results of the T-1 Wet Tests, as shown in Tables 
IV and VI, it is possible to write for the present 
findings regarding the stress at 20% extension: 


dS 26 9S2\ dC AS20 
a ( aC Jada t ( aA ). 
When C = N,, 
(0) = [(0)-(+)] + (0) 
When C = Nz, 
(0) = [(0)- (0) ] + (barely +) 
When C = Fo, 





(7b) 


(0) = [(0)-(+)j] + (0) (7c) 
From this analysis of the present data, it is obvious 
that the results are more nearly in accord with those 
of Evans [8] than with those of O’Connell and 
Lundgren [16] and of O’Connell and Yeiser [17 ]. 
In the case of the dependence of the Young’s 
modulus on crimp and on fiber cross-sectional area, 
the findings of Evans for the South African Merino 
Wools may be written, in a way similar to that 


used for S20, as follows [8]: 


dE _ (0#E\ dF, , (dE 
a (37). dA* (3), 8) 


(—) = [(-—)-(4+)] + (©) (8a) 


It is possible to write similarly from the results of 
O’Connell and Lundgren [16] and of O'Connell 
and Yeiser [17] that: 


dE dE\ dN aE 
dA (sy), dA * (3 ). 9) 


(—) = [(-) (-)]) + (-) (9a) 


where (dE/0A)y was found to be negative in the 
case of a wool of relatively high crimp, the Califor- 
nia Vaughn Wool of the Rambouillet type. Obvi- 
ously this partial derivative needs to be strongly 
negative in order to counteract the positive product 
of the two terms preceding it on the right-hand 
side of Equation 9. 

From the results of the simple and multiple re- 
gression analyses for the T-2 Wet Tests listed in 
Tables IV, V, and VI, it is possible to write for the 
present findings: 


dA \ac 
When C = N,, 





aa ~ (3c), aa * (3a). 


(—) = [(0)-(+)] + (0) (10a) 
When C = N,, 

(—) 
When C = Fo, 

(—) = [(0)-(+)] + (0) 
When C = X0.20/lo, 

(—) = [(—)-(4)] + ©) 


[(—)-(0)] + (-) (10b) 


(10d) 
When C = Foxo.20, 

(—) = [(—)-(+)] + ©) 
Foxo.20/loA, 


(—) = [(—)-(+)] + (©) 


(10e) 
When C = 


(10f) 


It may be seen from Equations 10—-10f that, with 
the exception of the case where C = N2, dC/dA is 
always positive and 


(0@E/dA)c is always zero. 
This shows that the over-all negative dependence 
of Young’s modulus on fiber cross-sectional area, 
dE/dA, is related to the negative partial depend- 
ence of Young’s modulus on crimp, (@EF/8C),, 





FORCE-EXTENSION CURVE FOR SINGLE WOOL FIBER 


FORCE ( Grams) 


-25-20-i5 -10-05 0 O5 10 tS 20 25 
EXTENSION (°%) 


Fig. 7. Schematic diagram of wool fiber force—extension 
curve in the low-extension or uncrimping region. 


rather than upon fiber cross-sectional area, (dF 
8A)c. Generally similar findings are obtained in 
the case of the corresponding T-2 Dry Tests, but in 
this case (9E/dC).4 is often found not to be signifi- 
cant!y smaller than zero at the 95% confidence level, 
and this is related to the fact that here the simple 
dependence of Young’s modulus on fiber cross-sec- 
tional area, dE/dA, is barely negative at the 95% 
confidence level (Table V). 

In regard to the dependence of Young’s modulus 
on crimp and on fiber cross-sectional area, it appears 
that the present results are in general accord with 
those of Evans [8] for the South African Merino 
wools he studied. In this case, Fo is the estimate 
of crimp involved. On the other hand, when N- is 
the estimate used, the present results are in gener- 
ally good agreement with those of O’Connell and 
Lundgren [16] and of O'Connell and Yeiser [17] 
for fibers taken from several sheep of the Ram- 
bouillet breed. The crimp estimate used by 
O’Connell et al.—counting half-waves on fibers 
apparently under no tension—is, except for the 
factor of two previously mentioned, the same as the 
N, estimate described here. As has been mentioned 
previously, the test conditions of the present study 
have been both “dry,” similar to those of Evans 
[8], and ‘‘wet,” similar to those of O’Conne!l and 
Lundgren [16] and of O'Connell and Yeiser [17], 
while the method of statistical analysis of the data 
has been similar to that used by Evans [8 ]. 

A further and rather extensive analysis of the 
T-2 Test force—-extension curves for the 46 Ram- 
bouillet wool fibers was then made to determine the 
relationship between the force at a given extension 
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and the fiber cross-sectional area, both above and 
below the point considered to be zero extension at 
which Fy is measured. <A schematic diagram of this 
low-extension region is shown in Figure 7. The 
forces at each 0.5% interval of extension from 2.5% 
below the intercept of the extrapolated Hookean 
slope and the extension axis (zero extension) to 
2.5% above this point were measured for each 
fiber, and the relations between the force at each 
extension and the fiber cross-sectional area were 
found for both the T-2 Dry and T-2 Wet Tests. 
The corresponding simple regression coefficients 
are listed in Table VIII. 

It is surprising to observe for the T-2 Dry Test 
that the regression coefficient for the dependence of 
force on cross-sectional area is as high as 3.50 at 
—2.5% extension and decreases to 1.64 at 0% ex- 
tension and to 0.93 at +2.5% extension (Figure 8), 
while for the T-2 Wet Test a much more normal 
behavior is encountered, with a regression coefficient 
starting at 2.14 at — 2.5% extension and decreasing 
to 1.42 at 0% extension and to 0.91 at +2.5% ex- 
tension (Figure 9). A_ regression’ coefficient of 
2.0, indicating a second-power dependence of force 
on fiber cross-sectional area or a fourth-power de- 
pendence of force on fiber radius, would be expected 
if, in the earliest stages of crimp removal, the fibers 
were chiefly unbending. 
comes more fully removed, a transition from a 


Later, as the crimp be- 


second-power dependence of force on fiber cross- 
sectional area to a first-power dependence would be 
expected. 





TABLE VIII. Simple Dependences of Force on Fiber Cross- 
Sectional Area in the Low-Extension Region of the Force 
Extension Curves for 46 Rambouillet Wool Fibers (T-2 
Tests) 


F=aA? 


Extension, “%, at 
which force is a 


b + too 
measured Dry 


Wet 





2.135 + 0.735 
2.094 0.630 
2.003 0.416 
1.967 0.345 
1.743 0.220 
1.422 0.094 
0.932 0.121 
0.731 0.184 
0.746 0.186 
0.817 0.163 
0.°05 0.139 


3.503 + 0.823 


—2.5 
—2.0 
—1.5 
—1.0 
—0.5 


3.139 
2.775 
2.487 
2.097 
1.638 
1.045 
0.801 
0.782 
0.843 
0.926 


0.655 
0.503 
0.384 
0.271 
0.160 
0.146 
0.188 
0.196 
0.186 
0.180 
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Several different mechanical models might be 
selected for the uncrimping of a wool fiber, and all 
of the more reasonable ones, upon analysis, would 
probably result in closely similar force-extension 
curves. The classical model of a spring, coiled in 
a helix with both ends clamped, i.e., not free to 
move, has been described by Prescott [18] and is 
particularly attractive, because this is the equilib- 
rium configuration which a uniform wool fiber with 


T-2 DRY REGRESSIONS (Fe, = aA?) 


F (gm) x10 


b- 1.642016 


20 500 100 
AREA (u*) 


T-2 WET REGRESSIONS (Fext = o A>) 


Fos (gm)x 107 Fo(gm) x10 


999 


“perfect’’ ortho-para asymmetry would be expected 
to assume [7, 11, 13] and because under our ex- 
perimental conditions both ends of the fiber are 
clamped. 

The helically-coiled-spring model is illustrated in 
Figure 10. The total extension, x, is the sum of the 
extension due to pulling out the helix, x,, and the 
extension associated with the deformation of the 
material making up the spring itself, x2. The other 


Fig. 8. Dependence of force on 
fiber cross-sectional area.at. —2.5%, 
0%, and +2.5° extension for T-2 
Dry Tests. 


200 


Fig. 9. Dependence of force on 
fiber cross-sectional area at —2.5%, 
0%, and +2.5% extension for T-2 
Wet Tests. 
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Fig. 10. Illustration of and equations for force vs. extension 


for the helically-coiled-spring model. 
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Fig. 11. Simple regression coefficient for dependence of 
force on fiber cross-sectional area, b, vs. fiber extension in the 
uncrimping region for both T-2 Dry and Wet Tests. 


symbols have their usual meaning: a is the radius 
of the material constituting the spring, i.e., the 
fiber radius; 7 is the radius of curvature, as defined 
in Figure 10; / is the length of the spring material 
itself, i.e., the length along the fiber; @ is the pitch 
angle of the coil; E is the Young’s modulus; and G 
is the torsional modulus. The extension, x;, is that 
due to the bending and the twisting of the helical 
spring as it is pulled out, and no account has been 
taken of the extensions due to the tension or to the 
shear stress. It is easy to show that, for relatively 
small extensions, these are negligible and remain soas 
long as the radius of the fiber, a, is small in compari- 
son with the radius of curvature, r. The extension, 
xX, is that due only to perfectly elastic longitudinal 
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deformation of the fiber, and in this case, as well as 
in that of x,, no consideration has been given to the 
effects of creep and stress relaxation which may be 
operating in the case of an actual fiber. Because 
of these limitations and because an actual wool 
fiber has a variety of crimp frequencies and ampli- 
tudes, rather than a single frequency and ampli- 
tude, the helically-coiled-spring model can be re- 
garded only as a first approximation of the me- 
chanical behavior of a single wool fiber. 

The simple regression coefficients listed in Table 
VIII are shown plotted vs. the corresponding ex- 
tensions in Figure 11. The limits indicated in 
Figure 11 are the 95% confidence limits for the re- 
gression coefficients; the dashed line for a 6 value 
of 2.0 indicates the dependence of force on area to 
be expected if only bending were involved, and the 
dashed line for a 6 value of 1.0 indicates the similar 
dependence to be expected if only extension were 
involved. From these data it appears that during 
the first stages of fiber extension, prior to crimp re- 
moval, the uncrimping process may be considered 
to be controlled largely by fiber bending; as the 
fiber is extended through the uncrimping region, 
this process may be considered to be controlled by 
both fiber bending and extension; finally, as the 
crimp is more fully removed, the process may be 
considered to be controlled by the extensional 
modulus of the fiber. As has been pointed out by 
Dillon [6] and by Evans [8], this modulus is per- 
turbed by differential bending strains which act to 
decrease it below that measured for an uncrimped 
fiber. 

From the data shown in Table VIII and Figure 
11, it may be noted also that the value for 6 drops 
significantly below unity for several of the small 
extensions greater than zero extension and returns 
to a value not significantly smaller than 1.0 at 
+2.5% extension for both the T-2 Dry and T-2 
Wet Tests. There are two possible reasons for 
this: one is that the weight on the fiber during 
vibroscoping has pulled far more of the crimp out 
of the finer fibers than out of the coarser ones, and 
since the vibroscopic technique gives a measure of 
mass per unit length of the fiber projection rather 
than of the fiber itself [15], the cross-sectional areas 
of the coarser fibers have been estimated greater 
than they actually are. A consideration of the 
point on the force-extension curve at which the 
vibroscoping is carried out, however, as well as of 
the fact that the stresses at 5% and at 20% exten- 





DECEMBER 1958 


sion do not depend significantly on fiber cross- 
sectional area, indicates that this explanation is 
unlikely. Another and more likely explanation 
is that there exists a stress gradient across the pro- 
file of the fiber in this region of fiber extension and 
that this gradient, associated with the fiber crimp 
[6, 8], causes the load on the fiber, in this part of 
the force-extension curve, to be shared unequally 
in different portions of the fiber cross section. It is 
not possible at the present time to state whether 
there is an asymmetrical sharing of the load by the 
ortho- and paracortical fractions of the fiber [7, 
11, 13). 

The very high values of 6, which are significantly 
greater than 2.0 at the earlier stages of fiber exten- 
sion (—2.5% to —1.0% in Table VIII and Figure 
11), for the T-2 Dry Tests are disturbing. It is 
possible in the dry tests that the stresses in the 
cuticular portions of the fiber are such as to cause 
the high values of 6 and that there is sufficient 
relaxation of these stresses in the wet tests to cause 
the corresponding values of } to be not significantly 
greater than 2.0.4 It must be admitted, however, 
in view of our present knowledge, that such reason- 
ing is speculative. 

It should be noted from the data shown in Table 
VIII and Figure 11 that the variance of the depend- 
ence of force on fiber cross-sectional area, of which 
the 95% confidence limit for 6 is a measure, is at a 
minimum at or near zero extension where F» is 
measured. This finding suggests that, in this re- 
gion of low extension, Fy has the twofoid virtue of 
being a parameter which is measured with relatively 
high precision and which is in that portion of the } 
vs. extension curve where 6 is changing most rapidly 
(Figure 11). For these reasons Fy is considered to 
be a good mechanical estimate of fiber crimp. 

One further comment is appropriate here in re- 
gard to the helically-coiled-spring model depicted in 
Figure 10. As the pitch angle, 6, approaches 2/2 
radians and the radius of curvature of the helix, r, 
approaches zero, when the crimp is almost com- 
pletely removed, the equation of Figure 10 predicts 
that the force in the fiber will approach infinity. 
Long before this situation arises, however, the force 
in the fiber becomes sufficiently great to cause it to 
go into “pure” linear extension. This suggests 
that examination of the initially crimped fiber at 

* We are grateful to Professor Edward W. Suppiger and Mr. 


Ricardo Chicurel of Textile Research Institute for this sug- 
gestion. 
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positive extensions should reveal the continued ex- 
istence of some fiber crimp. A few observations 
have been made in this regard and they qualita- 
tively confirm this prediction. When some of the 
present wool fibers were examined under low-power 
magnification while they were mounted on the 
Instron Tensile Tester at extensions corresponding 
to the yield point in the fiber force—extension curve, 
it was found in every case that a small amount of 
crimp was still visible. 


Properties of Fibers from Several 
Breeds of Sheep 


The mechanical behavior of fibers taken from the 
California Vaughn wools has been discussed previ- 
ously in the literature by O'Connell and Yeiser 
[17] and by O'Connell and Lundgren [16]. As 
mentioned earlier, these workers focused their at- 
tention on the properties of the fibers at extensions 
below the breaking extension, and they used the 
actual values of the parameters involved in re- 
gression analyses, rather than the logarithms of 
these values, as has been done here. 

The values observed for fiber cross-sectional area, 
breaking stress, and breaking extension in this work 
are shown in Table IX. These data indicate that 
there is generally an increase in both breaking stress 
and breaking extension with increasing cross-sec- 
tional area, when all five breeds are considered, 
although in the case of the three finer apparel wools 
(Rambouillet, Columbia, and Suffolk), these param- 
eters appear to be independent of cross-sectional 
area. 

In the case of the California Vaughn wools, 
only two parameters were available as estimates of 
crimp level: the Young’s modulus and uncrimping 
stress. Of these two, the Young’s modulus is prob- 
ably the more reliable property, because the test con- 
ditions were such that it could be determined with 
more accuracy than could the uncrimping stress. 
The Young’s modulus serves as an indirect assess- 
ment of crimp; i.e., the greater the crimp, the lower 
the measured modulus [5, 6, 8]. The simple re- 
gression coefficients observed for the dependences 
of both Young’s modulus and uncrimping stress for 
the five different wools are listed in Table X. 

In the case of the Young’s modulus, all of the 
breeds show a negative dependence on cross-sec- 
tional area, although this dependence is not sig- 
nificant at the 95% confidence level in the case of 
the Suffolk and Lincoln wools. The over-all de- 
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pendence—all five breeds considered as one—is 
strongly positive, however. This suggests that, 
for these fibers, within a single breed the level of 
crimp increases with increasing fiber diameter, 
while among the different breeds the level of crimp 
decreases with increasing fiber diameter. The 
Young’s modulus data are shown plotted vs. fiber 
cross-sectional area in Figure 12. For convenience 
of observation, the individual fiber data are not 
plotted, but rather the least-squares regression 
slopes through the appropriate mean values are 
shown. The limits indicated at either end of a 
given regression line correspond to the lowest and 
highest values observed for that particular set of 
data. 

it will be recalled from the data presented previ- 
ously for the group of 46 Rambouillet wool fibers, 
tested both at 65% RH and while immersed in an 
aqueous buffer solution of pH 9.2, that the Young’s 
modulus also decreased with increasing fiber diam- 





TABLE IX. Fiber Cross-Sectional Area, Breaking Stress, 
and Breaking Extension for Several Breeds of Sheep 


California Vaughn Wools, T-1 Dry Tests* 


Sp, 
g./cm.? es, 
x 10-* % 

1.36 + 0.12 
1.38 0.15 
1.32 0.14 
2.05 0.16 
2.30. €23 


Breed of 
sheep 


No. of A, 
fibers micron? 





Rambouillet 22 351+ 50 
Columbia 22 757 99 
Suffolk 22 898 95 
Lincoln 22 1038 # 122 
Navajo 24 1267 = 142 


33.6 + 3.5 
296 48 
30.5 5.5 
39.2 2.4 
43.1 4.9 
Over-all 112 869+ 73 


1.704011 35.34 2.1 


* Limits shown are 95% confidence limits for the correspond- 
ing mean values. 


TABLE X. Simpie Regression Coefficients for the Depend- 
ences of Young’s Modulus and of Uncrimping Stress on 
Fiber Cross-Sectional Area 


California Vaughn Wools, T-1 Dry Tests 
Y =aA?> 
b + to.os¢» when FY is 
Breed of 
sheep Young's modulus __ Uncrimping stress 
Rambouillet 
Columbia 
Suffolk 
Lincoln 
Navajo 


— 0.630 + 0.111 
—0.826 0.297 
—0.204 0.323 
—0.197 0.309 
—0.282 0.171 


0.144 + 0.333 
0.087 0.362 
0.245 0.246 
—0.682 0.682 
—0.049 0.520 


Over-all 0.248 + 0.133 


—0.379 + 0.153 
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eter. The data of O'Connell and Lundgren, who 
tested their fibers immersed in water at 70° F., also 
indicate such a negative dependence significant at 
the 99% confidence level for the case of fibers taken 
from the Rambouillet wool [16]. For the other 
wools, however, their findings are at some vari- 
ance with those of this work. In the case of the 
Columbia wool, they find a weak negative: depend- 
ence of Young’s modulus on cross-sectional area, 
whereas we find a strong negative dependence. For 
the Suffolk wool, they find a strong negative de- 
pendence of modulus on area, whereas we find a 
nonsignificant negative dependence ; for the Lincoln 
wool, they find similarly to us no significant de- 
pendence of modulus on area; in the case of the 
Navajo wool, they find a strong positive depend- 
ence (99% confidence level) of modulus on area, 
whereas we find a negative dependence (95% con- 
fidence level). It is possible that these differences 
are attributable to the differences in testing proce- 
dure and statistical evaluation of the data between 
the two studies. 

In the case of the dependence of uncrimping stress 
on fiber cross-sectional area, shown in Table X, it is 
noteworthy that within each of the breeds of sheep, 
there is no significant dependence of uncrimping 
stress on cross-sectional area. Among the five 
different breeds, however, as indicated by the over- 
all regression coefficient, there is a strong negative 
dependence of uncrimping stress on area. This 
finding, at least, is in agreement with that observed 
for Young's modulus, that among different breeds 
of sheep the thicker fibers exhibit less crimp. Since 
neither O'Connell and Lundgren [16 ] nor O'Connell 
and Yeiser [17] reported on this parameter for the 





TABLE XI. Simple Regression Coefficients for the Depend- 
ences of Breaking Stress and of Breaking Extension on 
Fiber Cross-Sectional Area 


California Vaughn Wools, T-1 Dry Tests 
Y =aA> 


b + to.os when Y is 


Breed of 
sheep 





Breaking extension 


Breaking stress 


Rambouillet 
Columbia 
Suffolk 
Lincoln 
Navajo 


0.434 + 0.277 
—0.149 0.395 

0.440 0.445 
—0.054 0.319. 

0.359 0.259 


0.142 + 0.384 
—0.893 0.829 
0.390 0.325 
0.053 0.269 
0.323 0.874 
0.289 + 0.371 


Over-all 0.138 + 0.537 
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California Vaughn wools, it is nct possible to com- 
pare our results directly with theirs in this regard. 

It was found previously for the 46 Rambouillet 
wool fibers that the rupture properties depend 
positively on fiber cross-sectional area; i.e., the 
stress at break, the extension at break, and the 
breaking energy per unit volume of fiber all in- 
crease strongly with increasing cross-sectional area. 
It was also mentioned previously that, when all 
five of the California Vaughn wools are considered, 
the trend of the mean values found for stress and 
extension at break indicates that these parameters 
increase with increasing fiber cross-sectional area. 
To obtain a more complete picture in this regard, 
the values for the simple regression coefficients were 
determined for the dependences of stress at break 
and of extension at break on cross-sectional area. 
These values for each of the five different wools and 
for the wools considered over-all are listed in Table 
XI. In addition, the data showing how the stress 
at break varies with cross-sectional area are plotted 
in Figure 13. The line of slope +0.29 shown in 
Figure 13 is the least-squares regression line drawn 
through the point whose coordinate values repre- 
sent the over-all averages for stress at break and 
cross-sectional area. 


From the data of Table XI, it may be seen that 
two of the wools, the Rambouillet and Navajo, 
show a significant positive dependence of breaking 
stress on cross-sectional area; the remaining three 
wools show a nonsignificant dependence; over-all, 
the dependence is positive, but not significantly so 


at the 95% confidence level. In the case of the 
extension at break, there is a significant positive 
dependence on cross-sectional area only in the case 
of the Suffolk wool, and actually a significant nega- 
tive dependence in the case of the Columbia wool. 
The over-all dependence is statistically indistin- 
guishable from zero. Accordingly, it would appear 
that, in the case of these California Vaughn wools, 
there is evidence that the stress at break increases 
with increasing cross-sectional area, and it is ad- 
mittedly tenuous, but there is little or no evidence 
that the extension at break increases with increasing 
cross-sectional area. Again, no comparison with 
the data of O’Connell and Lundgren is possible, 
because these workers did not stretch their fibers 
to the break [16]. 

In summary, therefore, the present data for 46 
fibers taken from a single lock of Rambouillet wool 
and for fibers taken from the Rambouillet and 
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Navajo sheep of the California Vaughn Wools sup- 
port the views of Anderson and Cox [2] and of von 
Bergen [21 ] that thicker wool fibers exhibit greater 
breaking stresses. When the data for the other 
three types of the California Vaughn Wools (the 
Columbia, Suffolk, and Lincoln breeds) are con- 
sidered separately for each breed and the data for 
all five of the California Vaughn Wools pooled to- 
gether are considered, however, the positive de- 
pendence of breaking stress on fiber cross-sectional 
area is not found to be significant at the 95% con- 
fidence level. 


Conclusions 


1. To a first approximation, the behavior of 46 
Rambouillet wool fibers taken from a single lock of 
wool in the low-extension or uncrimping region of 
the fiber force—-extension curve is similar to that of a 
helically coiled spring. During the first stages of 
extension, the uncrimping process may be consid- 
ered to be controlled by fiber bending ; as the fiber is 
extended through the uncrimping region, this proc- 
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Fig. 12. Young’s modulus, &/A or E, vs. fiber cross-sectional 
area for fibers from the California Vaughn Wools. 
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Fig. 13. Breaking stress, Fg/A or Sz, vs. fiber cross-sectional 
area for fibers from the California Vaughn Wools. 
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ess may be considered to be controlled by both 
fiber bending and extension; finally, as the crimp 
is more fully removed, the process may be consid- 
ered to be controlled by the extensional modulus of 
the fiber. 

2. The Young's modulus is perturbed by differen- 
tial bending strains associated with the crimp which 
act to decrease the modulus below that measured for 
an uncrimped fiber. This view is supported gener- 
ally by the results of simple and multiple regression 
analyses of the data, which indicate that the partial 
dependence of the Young’s modulus on mechanical 
estimates of fiber crimp is negative, whereas the 
corresponding partial dependence on fiber cross- 
sectional area is not significantly different from zero. 
There is also support for this view in the finding 
that the dependence of force on fiber cross-sectional 
area, at small positive extensions in the uncrimping 
region, is significantly less than a first-power de- 
pendence. : 

3. Within the group of 46 fibers taken from a 
- single lock of 64’s Rambouillet wool, the crimp level 
increases with increasing fiber diameter. This find- 
ing obtains for both the visual and the mechanical 
estimates of crimp, such as uncrimping stress and 
uncrimping extension, or an indirect estimate of 
crimp, such as the Young’s modulus. The same 
finding is generally obtained also in the cases of 
fibers taken from a single breed of sheep of the five 
different breeds of sheep, known collectively as the 
California Vaughn Wools. 

4. Among the fibers taken from the five different 
types of the California Vaughn Wools pooled to- 
gether, the crimp level decreases with increasing 
fiber diameter. This finding is obtained from the 
results for both the direct mechanical estimate of 
crimp, uncrimping stress, and the indirect me- 
chanical estimate of crimp, the Young’s modulus. 

5. Within the group of 46 fibers taken from the 
single lock of 64’s Rambouillet wool, the stress at 
20% extension is found to be independent of both 
crimp and fiber cross-sectional area. 

6. Within the group of 46 fibers taken from the 
single lock of 64’s Rambouillet wool, the rupture 
properties, breaking stress, breaking extension, and 
breaking energy per unit volume of fiber all in- 
crease with increasing fiber diameter. When the 
data for all five of the California Vaughn Wools 
pooled together are considered, however, the posi- 
tive dependence of breaking stress on fiber cross- 
sectional area is found to be nonsignificant. 
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Abstract 


The extent to which wool may be iodinated with alcoholic solutions of iodine at 22.2°C. 
has been examined as a function of the size of the alcohol molecule. With a solution of 
iodine in methanol or ethanol, the limiting amount of combined iodine is approximately 
what would be expected if the whole of the tyrosine were converted into 3: 5-di-iodotyro- 
sine. When, however, a solution of iodine in n-propanol is used, the reaction proceeds 
more slowly and comes to an end when the amount of combined iodine is less than half 
the theoretical value. This result, and the fact that solutions of iodine in n-butanol and 
n-pentanol give so small an extent of iodination as to suggest that reaction is restricted 
to the surface of the fibers, confirm an earlier deduction from the elastic properties of 
wool fibers in alcohols of increasing molecular weight [6] that the fine structure of wool 
is inaccessible to molecules larger than those of n-propanol. 


Introduction hydroxide is dispersed in a mixture of butanol and 

. , ett white spirit to ensure that reaction will be restricted 

Some years ago, when dry wool fibers were 
stretched in a series of primary alcohols at 22.2° C., 
the resistance to extension in n-butanol and n-penta- 
nol was found to be approximately the same as in ° 
dry air [6]. Further, since n-propanol had only a ee ae 
slight weakening effect on the fibers, it was con- | 
cluded that the fine structure of dry wool fibers is 
inaccessible to molecules larger than those of n- 
propanol. More recently, it has been shown that 
when, as in the above experiments, animal fibers are 
immersed in n-propanol, reaction is complete in 1 
day at 22.2° C. [3], whereas equilibrium between 
wool fibers and the vapor of n-propanol is not 
reached in less than 3 months at 25° C., even when 
the partial pressure is as high as 0.936 [4]. 

The inaccessibility of dry wool fibers to molecules 
greater in size than those of n-propanol has been 
turned to great practical advantage in some of the 
more recent methods of making wool unshrinkable. 
Among these is the process [7] in which sodium 
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to the surface of the fibers. The principle under- 
lying these methods has, however, been called into 
question by Bradbury [2]. Using data obtained by 
extrapolating the adsorption curves of Nicholls and 
Speakman [4], he found that wool absorbs approxi- 
mately the same volume of water, methanol, ethanol, 
and n-propanol at saturation, and he states that it 
is “reasonable to suppose that wool is equally ac- 
cessible” to all these reagents. Bradbury has, how- 
ever, overlooked the fact that it is the accessibility of 
the fine structure which has been studied, and the 
following experiments provide independent evidence 
that this structure is inaccessible to molecules larger 
than those of n-propanol. 

It has been shown that when wool is immersed in 
a solution of iodine in ethanol for 72 hr. at 22.2° C., 
almost all (96%) of the tyrosine side-chains are 
iodinated [5]. The purpose of this investigation 
was to discover the extent to which iodination pro- 
ceeds with solutions of iodine in other alcohols. 


Experimental 
Preparation of Materials 


Wool. After the exposed tips were cut off, staples 
of New Zealand Romney hogget wool were purified 
by extraction for 24 hr. each with ether and alcohol 
in a Soxhlet apparatus. The extracted wool was 
then immersed in a large volume of 0.001 NV hydro- 
chloric acid for 24 hr. to remove inorganic matter, 
the acid being afterwards removed by washing the 
wool in several changes of distilled water until the 
pH, after 24 hr. contact with the wool, was above 
5.50. Finally, the wool was pressed between filter 
papers and allowed to dry in room air before it was 





TABLE I. Iodination of Wool with Solutions of Iodine in 


Various Alcohols 


Combined iodine, 
Time of mg./g. dry untreated wool 
iodina- —— - 
tion, Mean 
days values 





: Alcohol Individual results 


Methanol 





80.6 
80.0 
78.2 
81.6 
19.7 


79.5, 79.3, 81.8, 81.7 
80.8, 79.6, 79.4, 80.1 
79.1, 78.5, 77.4, 77.7 
82.1, 82.9, 80.2, 81.3 
19.1, 20.2 
33.6, 35.5 34.6 
31.6, 33.9 32.8 

04, 0.4 0.4 

0.4, 0.4 0.4 

0.25, 0.22 0.23 (5) 


3 
7 
Ethanol 3 
7 


n-Propanol 


n-Butanol 
n-Pentano! 
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cut into short lengths and mixed. The average fiber 
diameter of the wool, as measured in the humidity 
room (65% RH, 72° F.), was 24.0p. 

The tyrosine content of the wool was determined 
by the method of Block and Bolling [1]. Closely 
agreeing results were obtained in three distinct ex- 
periments, the amounts of tyrosine found being 5.83, 
5.82, and 5.84 g. per 100 g. dry wool. Conversion 
of this amount of tyrosine into 3:5-di-iodotyrosine 
would give 81.7 mg. of combined iodine per gram of 
dry, untreated wool. 

Alcohols. Each alcohol (300 ml.) was first re- 
fluxed over quicklime for 24 hr., and then with mag- 
nesium turnings (10 g.) and iodine (0.1 g.) for 8 hr. 
When alcohol was needed for the iodination of wool, 
it was freshly distilled from the flask in which it had 
been dried. 


Procedure 


Samples of the air-dry purified wool, of such a 
weight that the dry weight would be about 0.5 g., 
were dried to constant weight over phosphorus pent- 
oxide in high vacuum, the time of drying being about 
3 weeks. Each sample of known dry weight was 
transferred to tube C of the apparatus shown in 
Figure 1, any water adsorbed during the transfer 
being removed by further evacuation over phos- 
phorus pentoxide when the tube was connected to 
the pumping system. 

After dry air had been passed through the upper 
part of the apparatus for 1 hr., a sintered glass cruci- 
ble containing the amount of iodine needed to give a 
0.78 N solution was introduced. The alcohol to be 
used was distilled into the receiver until the level 
reached the 50-ml. mark. At this stage tap A was 
closed and tap B opened. The tube containing the 
wool and the solution of iodine was then removed, 
stoppered, and kept in a room maintained at 22.2° C. 
throughout the period of iodination. To ensure uni- 
form treatment of the wool, the tube was mounted on 
a wheel which was rotated for 2 hr. each day. 

After iodination, the wool was washed 4 times with 
25-ml. lots of the dry alcohol, for 30 min. each time, 
and then twice with sodium thiosulfate solution (125 
ml., 0.1 N) containing sodium carbonate (0.2 g./l.), 
for 24 hr. each time. Sodium carbonate was added 
to the thiosulfate solution to prevent precipitation of 
sulfur by the hydriodic acid present in the iodinated 
wool, as well as to assist in its removal from the 
fibers. Finally, the wool was washed in several 
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changes of distilled water until the water, after 24 hr. 
contact with the fibers, gave no immediate discolora- 
tion of a mixture of cerric ammonium sulfate and 
arsenious acid. The wool was then dried over phos- 
phorus pentoxide in vacuo, and its iodine content was 
determined in the following manner. 

Each sample of wool was transferred to a nickel 
crucible, and after saturated sodium hydroxide solu- 
tion (i0 ml.) had been added, the mixture was con- 
centrated slowly by 8-hr. heating on a hot plate. At 
this stage, solid sodium hydroxide (five pellets) was 
added and the mixture fused, heating being con- 
tinued until a clear melt was obtained. When cool, 
the mass was dissolved in hot water, and the solution 
filtered through a sintered glass crucible (No. 4), 
the filtrate and washings being made up to 100 ml. 
An aliquot (25 ml.) was pipetted into a small conical 
flask, sodium bisulfite solution (two drops, 1% ) was 
added, and the contents were then made slightly acid 
by adding three drops of sulfuric acid (50%) in ex- 
cess of the amount needed for neutralization, methyl 
orange being the indicator. The solution was then 
heated, and just before it began to boil saturated 
bromine water (10 ml.) was added. Boiling was 
continued until the solution was colorless. Complete 
freedom from bromine was ensured by adding phenol 
(six drops, 90%) to the cooled solution. A few 
crystals of potassium iodide were then added and the 
liberated iodine was titrated with sodium thiosulfate 
(0.02 N in all cases except one). Three aliquots 
were titrated in each case; the average values for 
the amount of combined iodine are given in Table I. 


Discussion 


If the whole of the tyrosine in the wool were con- 
verted into 3:5-di-iodotyrosine, the amount of com- 
bined iodine would be 81.7 mg. per gram of dry 


untreated wool. In agreement with earlier results 
[5], it is evident from the data of Table I that almost 
all the tyrosine of wool is accessible to iodine when 
methanol or ethanol is used as the solvent. When, 
however, a solution of iodine in n-propanol is used 
for iodination, the reaction not only proceeds more 
slowly but comes to an end in 14 days, when less 
than half the tyrosine has been iodinated. If, as 
would be expected from earlier observations on the 
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resistance of wool fibers to extension in different 
alcohols [6], these results are due to the inaccessi- 
bility of much of the structure to molecules as large 
as those of n-propanol, the extent of iodination should 
be even less when n-butanol and n-pentanol are used 
as solvents for the iodine. In fact, the amount of 
combined iodine is in both cases so small, even after 
28 days’ treatment, as to suggest that reaction is 
confined to the surface of the fibers. The results of 
these experiments thus lend further support to the 
view that the fine structure of wool fibers is inaccessi- 
ble to molecules larger than those of n-propanol. 

On the assumption that reaction is confined to the 
surface of the fibers, when a solution of iodine in 
n-pentanol is used for iodination, an attempt was 
made to determine the frequency with which tyrosine 
residues are present on the surface. The amount of 
combined iodine in the wool which had been iodinated 
for 28 days was estimated by titration with 0.001 V 
sodium thiosulfate solution, instead of with the 0.02 V 
solution used in all other cases, thus giving the more 
precise results in the last row of Table I. If this 
amount of iodine (0.235 mg./g.) is combined as 
3:5-di-iodotyrosine on the surface of the fibers, and 
if the latter are assumed to be cylinders of 24.0, 
diameter, the area per tyrosine residue is 23 A’. 
This is, of course, a minimum value because the area 
of the fibers is greater than the calculated value, on 
account of the scale structure, and no account has 
been taken of the surface area of the gross capillaries 
to which n-pentanol has access. 
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Introductory Remarks to the Papers of the Sym- 
posium “Dyeing Behavior of Cellulose 
and Cellulose Derivatives”’ 


Emery I. Valko 


Lowell Technological Institute, Lowell, Massachusetts 


Tue HISTORY of the theory of dyeing, par- 
ticularly cellulose dyeing, witnessed a sudden and 
radical change a quarter of a century ago. As a 
result, the modern theory of dyeing was born. It 
was created essentially by two groups of research 
workers, one working under the leadership of S.M. 


Neale at the College of Science and Technology in 


Manchester and the other working under the leader- 
ship of John Boulton and Thomas Morton at the 
Courtaulds’ Laboratories in Manchester. The earli- 
est papers coming from this “Manchester school” 
were published in 1933. It therefore seemed ap- 
propriate to dedicate this symposium to the com- 
memoration of the 25th anniversary of the modern 
theory of cellulose dyeing. 

Two of the pioneers, Neale and Boulton, have 
papers in the symposium.* 

1 Held at the 132nd meeting of the American Chemical 
Society, Division of Cellulose Chemistry, New York, Sep- 
tember 10, 1957. 

2 Both papers are printed in this issue of the TeExTILE Re- 
SEARCH JOURNAL. 

8 Dr. Vickerstaff participated in the symposium by de- 


livering a talk which has been published elsewhere. 
*This paper appears in this issue. 


The modern theory found its most complete and 
comprehensive expression in the book “The Physical 
Chemistry of Dyeing,” by Thomas Vickerstaff.* 

While fundamental questions of cellulose dyeing 
have been resolved by the early work of the pioneer 
groups, the theory of dyeing hydrophobic fibers is 
still a controversial one. Two papers were con- 
tributed on this subject as part of the symposium: 
one by F. Fortess and V. S. Salvin * and another by 
H. J. White, Jr. 

The concluding paper of the symposium, by P. 
Woerner, F. Fordemwalt, and E. Allen on package 
dyeing, deals with the application of the theory of 
dyeing to a technical problem.* 

Publication of several of the papers presented at 
the symposium concludes the observation of the 25th 
anniversary of the modern theory of cellulose dye- 
ing. It would not have been complete without a 
reference to the work of Robert E. Rose, S. Lenher, 
and E. J. Smith in this country, which contributed 
a great deal to the elimination of misconceptions pre- 
vailing in this field until that time. 


Manuscript received June 5, 1958. 
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Factors Influencing the Dyeing of Acetate Fibers 
With Disperse Nonionic Dyes’ 


Fred Fortess and Victor S. Salvin 


Applications and Product Development Department, Celanese Corporation of America, 
Charlotte, North Carolina 


Abstract 


A basic understanding of any textile dyeing process is concerned with those factors 
which influence the distribution of dye molecules between an external phase, primarily 


aqueous, and the fiber phase. 


An adequate description of the factors affecting the dyeing 


of acetate fibers with the disperse dye class must include: 

1. a detailed description of the dyes in terms of their chemical and physical prop- 
erties and their behavior in the aqueous and fiber phases, 

2. the influence of the degree of acetylation of the cellulose upon the dyeing rate 


and affinity for the disperse dyes, 


3. the relationship of specific dye structure to dyeability and colorfastness on 


secondary and tricellulose acetate, and 


4. a discussion of the mechanism of accelerant or carrier dyeing as applied to cel- 


lulose triacetate. 


While the data presented do not rigorously support either the solution dyeing or 
the site dyeing hypothesis, sufficient empirical observations are presented which will 
increase the control and economy of dyeing with the disperse dyes. 


Introduction 


A basic understanding of any textile dyeing pro- 
cess is concerned with tl.ose factors which influence 
the distribution of the dye molecules between an 
external phase, primarily aqueous, and the fiber 


phase. Although it is important from a practical 


point of view to rapidly achieve an economical depth 
of shade on the fabric of uniform appearance and 
satisfactory colorfastness, it is also essential to under- 
stand those forces which make possible the selective 
absorption of the dye molecules by the fiber. Thus 
the rate of redistribution of the dye from the aqueous 
phase to the fiber phase as a function of time, tem- 
perature, and dye concentration, as well as the 
equilibrium conditions and the capacity of the fiber 
for the dye at saturation, are all factors which must 
be studied in any dyeing system. Although the two 
types of cellulose acetate fibers of commercial im- 
portance today can be dyed directly to a limited 
extent with selected basic dyes, leuco vat acids, and 
special water soluble dyes, the disperse dyes are the 


1 Presented before the Symposium on Dyeing Behavior of 
Cellulose and Cellulose Derivatives at the 132nd American 
Chemical Society Meeting in New York City, September 
8-13, 1957. 


only class which can be considered practical for 
directly dyeing these fibers in existing equipment. 

Even though several hundred million pounds of 
textile fabrics are dyed each year with the disperse 
dyes, the literature concerned with their essential 
dyeing properties is meager, in comparison with 
what has been published on the mechanism of dyeing 
with direct dyes on rayon, vat dyes on cotton, and 
acid dyes on wool. 

The disperse dye class was originally developed 
in the late ’20’s for secondary cellulose acetate, the 
first of the man-made fibers which could not be dyed 
with dyes of structures normally used for the natural 
fibers—cotton, wool, and silk. Subsequently, this 
class of dyes was found useful on the newer synthetic 
hydrophobic fibers based on the polyamide, poly- 
ester, and polyacrylonitrile structures, and more 
recently on the hydrophobic cellulose triacetate. 

In this paper we shall discuss : 


1. the disperse dye class in terms of the chemical 
and physical properties of the dyes and their be- 
havior in the aqueous and the fiber phases, 

2. the influence of the percent acetylation of the 
cellulose upon the dyeing rate and affinity for the 
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disperse dyes, in the range of 40-62.5% combined 
acetic acid, 

3. the relationship of dye structure to dyeability 
and colorfastness on secondary cellulose acetate 
(54.5% combined acetic acid) and cellulose tri- 
acetate (61.5-62.5% combined acetic acid), and 

4. the mechanism of accelerant dyeing as applied 
to cellulose triacetate. 


Composite Definition of the Disperse Dyes 


The disperse dyes as a special class can best be 
characterized by considering their molecular struc- 
ture, the absence of ionic functional groups, their 
tendency to form high melting crystals, their slight 
but significant solubility in the aqueous media under 
dyeing conditions, and their relatively great solu- 
bility in the fiber phase. The definition used by the 
American Association of Textile Chemists and Col- 
orists |1] and the Society of Dyers and Colourists 
[2] for the disperse dyes is greatly oversimplified as 





TABLE I. Properties of Disperse Dyes 


. Essentially low molecular weight azo, anthraquinone, and 
diphenylamine derivatives 

. High melting (> 150° C.) and crystalline materials— 
milled with dispersing agents to produce dispersion of 0.5- 
2.0 micron particle size, stable in dye bath 

. Essentially nonionic, although aromatic and aliphatic 
—NR:z, —NH:, —NHR, and —OH groups are present 

. Relatively low solubility in aqueous medium under dyeing 
conditions, but at least 0.1 mg./1. 

. Relatively great saturation level of pure dye in the cel- 
lulose acetate fiber (30-200 mg./g. of fiber) 

6. No chemical change involved throughout dyeing process 


_— 
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follows: “‘a class of water insoluble dyes originally 
introduced for dyeing cellulose acetate and usually 
applied from a fine aqueous dispersion.” In Table I 
we have summarized the essential properties which 
may be used to characterize the disperse dyes. 

The most complete paper on this class of dyes 
was presented by R. K. Fourness [3] as the Thir- 
teenth John Mercer Lecture on “The Disperse Dyes 
—Their Development and Application.” The chem- 
ical structure, molecular weight, melting point, and 
solubility of a wide variety of typical commercially 
available disperse dyes have been described by 
Bird. [4j. Several of these structures and their 
properties are summarized in Tables Ila and IIb. 
Bird’s work also revealed that even though certam 
disperse dyes, particularly the anthraquinone de- 
rivatives, were only slightly soluble in water under 
the conditions of dyeing, the apparent solubility 
could be greatly increased by the addition of typical 
dispersing agents, such as soap, which appear to act 
by providing micelles in which the dye crystals are 
quite soluble. The effect of dispersing agents on 
increased apparent solubility of the disperse dyes in 
the aqueous media is described in Table III. 

Although these dyes are present in the dyebath 
primarily as fine crystal dispersions (0.5-2y particle 
size), it is generally agreed that the mechanism of 
dyeing with this class of dyes involves that small 
but important portion of individual dye molecules 
which are in solution. Vickerstaff and Waters |5] 
observed that the rate of dyeing of secondary acetate 
with a highly crystalline disperse dye could be in- 





TABLE Ila. Physical Properties of Typical Nonionic (Disperse) Dyes 
(Azo and Diphenylamine) 


Molecular 
weight 


182 


330 


Aqueous solubility, 

Melting mg./l. 
point, Color on 
was. acetate 


= ak Te 





68 Yellow 5 


206 Red 


Red 


Yellow 
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creased a hundred fold by reducing the particle size 
(by grinding) and therefore increasing the total sur- 
face area of the crystals. The particle size is most 
important for the very slightly soluble dyes, since the 
increased surface area significantly increases the rate 
of solution. In addition, these workers demon- 
strated that the individual dye molecules were pri- 
marily responsible for dyeing cellulose acetate. They 
placed the disperse powder in a cellophane bag and 
still observed dyeing of the fibers outside of the 
cellophane bag. 

It appears that, in general, disperse dyes may be 
divided into two main groups: those which diffuse 
in the fiber more rapidly than they dissolve in the 
dyebath and those which dissolve more rapidly than 
they diffuse into the fiber. 

The relative effects of solubility in the aqueous 
media and of the rate of diffusion within secondary 
acetate fibers as a function of temperature is illus- 
trated by Figures la and 1b. These curves record 
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the dye pick-up after 1 hr. on a relative basis. The 
curves in Figure la are for a blue anthraquinone 
structure, a red azo structure, and a yellow diphenyl- 
amine structure of relatively low solubility in the 
dyebath and of slow diffusion in the fiber, even at 
temperatures up to 200° F. The increase in dyeing 
rate as a function of increasing temperature appears 
to be related to both the increased solubility in the 
dyebath and the increased rate of diffusion into the 
fiber. 

The curves in Figure 1b are for relatively soluble, 
fast diffusing structures, including an azo yellow and 
red and an anthraquinone violet. In the case of the 
yellow, the solubility is already more than 100 mg. /1. 
at 120° F., so that increased temperature completely 
solubilizes the dye in the aqueous media, shifting the 
partition coefficient in favor of the bath, since equi- 
librium due to fast diffusion is rapidly achieved. 
This accounts for the apparent decrease in dyeing 
rate shown by the negative slope of the curve with 








TABLE IIb. Physical Properties of Typical Nonionic (Disperse) Dyes 
(Anthraquinone) 


Melting 


point, 
a it 


Molecular 
weight 


Aqueous solubility, 
mg./1. 





80° C. 


Color on acetate 25° ¢. 





NH:O NH; 
O NHCH; 





Yellow-brown 


Bluish red 
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increased temperature. Actually, this is a shift in 
partition coefficient at equilibrium in favor of the 
dyebath. The curves for the red and the violet dyes 
show a maximum. The explanation is that at the 
lower temperatures, 120-160° F., there is a signifi- 
cant increase in diffusion rate and in solubility with 
increase in temperature. At the higher tempera- 
tures, 160—-200° F., in which the rate is apparently 
decreasing, the further increased solubility of these 
structures has shifted the equilibrium in favor of 
the dyebath. 

Thus a more complete definition of the disperse 
dyes would describe them as a group of slightly 
soluble, high melting, crystalline, nonionic materials, 
normally present in the aqueous medium as a fine 


i 
é 
= 
5 
= 


Fig. la. Slow dyeing, high temperature dyes. Relative 
rates of color exhaustion from 1% dyeings at 30:1 liquor 
ratio using 1 hr. at 180° F. as standard rate. 
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dispersion of crystals from which individual dye 
molecules dissolve and are adsorbed onto the fiber 
surface from where they diffuse throughout the 
fiber cross section. 


Influence of Acetyl Value on the Dyeing Rate, 
Affinity, and Colorfastness of Disperse Dyes 


We have only been concerned thus far with the 
chemical and physical properties of the disperse 
dyes as these affect crystal properties, the rate and 
extent of solution, and the interaction with the 
aqueous dyebath. The properties of the fiber phase 
as related to the specific interactions between its 
component macromolecules and the individual com- 
ponents of the dyebath are perhaps the least clearly 


Fig. 1b. Relatively soluble, fast dyeing structures; con- 


ditions same as Figure la. 


TABLE III. Solubility of Purified Disperse Dyes in 0.5% Solutions of Dispersing Agents at 80° C. (mg. /1.) 


Dispersing agent 


Orange Violet 





H.O 
Sodium oleate 
Castor oil + 40 moles 
ethylene oxide 
Sodium oleyl p-anisidide 
sulfonate 
Properties of these dyes: 
elting point 
4 dyeing time on secondary 
acetate at 85° C., min. 


Oo 
| NH: 


Y 
N& DN=NE S—NH % 
ey osm 
| NH 

6) 

17 

57 

59 


34 
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understood aspect of dyeing the thermoplastic, hy- 
drophobic fibers with the disperse dyes. Although 
in this paper we are concerned primarily with the 
dyeing properties of the commercial acetate fibers— 
secondary cellulose acetate (54-55% combined acetic 
acid) and cellulose triacetate (61.5-62.5% com- 
bined acetic acid )—it will be of interest to examine 
the change in dyeing and physical properties as a 
function of percent combined acetic acid in the 
range of 40-62.5%. 

The secondary or standard cellulose acetate (54— 
55%) has been a major textile fiber for several 
decades. More recently, cellulose triacetate became 
available in the U.S.A. as Arnel* and in England 
as Tricel,® and recent data concerned with the dyeing 
properties of this fiber have been reported by Bolton 
[6], Olpin and Wood [7], and Fortess et al. [8]. 

A comparison of the extreme structures of cellu- 
lose and cellulose triacetate is represented in Figure 
2. Regenerated cellulose in the form of viscose 
rayon has a relatively high moisture regain (13% at 
65% RH and 70° F.) and swells extensively under 
dyeing conditions. However, the high incidence of 
hydroxyl groups (three per glucose unit) permits 
effective intermolecular hydrogen bonding which 
prevents solubilization by any but the most strongly 
solvating media, such as concentrated sodium hy- 
droxide. The extreme example of the efficient inter- 
molecular hydrogen bonding of regenerated cellulose 
is represented by Fortisan,* where the high strength, 
low elongation, low moisture regain, and slow dif- 
fusion of dye, relative to regular viscose rayon, are 
the result of a high degree of orientation of the 
linear molecules achieved by stretching secondary 
acetate fiber under plastic conditions, followed by 
regeneration of the cellulose by saponification. 

When a cellulose acetate is prepared which is 
uniformly acetylated to the extent of about 20% 
combined acetic acid, there is sufficient separation 
of the adjacent macromolecules to interfere with 
intermolecular hydrogen bonding ; this permits water 
molecules to solvate the remaining hydroxyl groups 
and results in water solubility. Above 30% com- 
bined acetic acid, the partly acetylated cellulose 
molecules become increasingly hydrophobic to the 
point of water insolubility and with the achievement 
of solubility in organic solvents, such as _nitro- 
methane, acetone, benzene-methy] alcohol, and finally, 


? Trademark, Celanese Corporation of America. 
* Trademark, British Celanese, Ltd. 
* Trademark, Celanese Corporation of America. 


10-3A 


SA 
GLUCOSE RESIDUE 


a 


oo le tae = 


éngon 


CELLOBIOSE RESIDUE REPEAT UNIT OF CELLULOS 


0.C0.CH 
H QCOCHs CH, 


tel 


3 


t 


+ 


REPEAT UNIT OF CELLULOSE TRIACE TATE 


Fig. 2. Chemical structure of segment of cellulose and 
cellulose ‘riacetate molecule. 
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Fig. 3. Moisture regain of cellulose acetate as function of 
percent combined acetic acid. 


at the triacetate level, 
alcohol. 

The general change in moisture regain properties 
as a function of percent combined acetic acid is re- 
corded in Figure 3. In Figure 4, imbibed water 
curves are given for fibers of 54.5-62.5% combined 
acetic acid. This is another measure of the water 
absorptivity as a function of percent combined acetic 
acid obtained by centrifuging completely wet sam- 
ples until a definite inflection point in moisture con- 


methylene chloride-methyl 
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ACETYL VALUE 


ig. 5. Dyeability of cellulose acetate with direct dyes as 
function of percent combined acetic acid. 


OYE PICK-UP OF ACETATE DYES 
( ARBITRARY UNITS ) 


Fig. 6. Dye pick-up of anthraquinone blue vs. percent 
combined acetic acid. 
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tent is reached. This point represents the total 
moisture absorbed into the fiber when exposed to 
liquid water and is related to fiber swelling under 
dyeing conditions. This data clearly illustrates the 
decreased moisture absorption as a function of in- 
creasing acetylation. 

Since we are primarily concerned with the dyeing 
properties of the cellulose acetate fibers, it is of 
special interest to observe the change in dyeing 
properties as a function of percent combined acetic 
acid. In Figure 5 is illustrated the comparative 
rate and extent of dyeability with direct rayon and 
cotton dyes in the range of 40-45% combined acetic 
acid, under standard conditions for dyeing viscose 
rayon with salt. Above 50% combined acetic acid, 
both the rate and extent of dyeability with the direct 
dyes drops off rapidly to only a trace of coloration 
above 54% combined acetic acid. 

A “typical” disperse dye, such as tetra-amino- 
anthraquinone, will dye the cellulose acetate fibers 
in the entire range of 40-62.5% combined acetic 
acid. However, as is illustrated in Figure 6, the 
comparative rate of dyeing is very rapid at 40-45%, 
decreases to a constant rate between 52 and 58%, 
and is relatively slow above 60% combined acetic 
acid. The conditions were 1 hr. at 80° C., liquor 
ratio 30:1. A more precise measurement of the 
relative dyeing rate in the range of 54-62.5% com- 
bined acetic acid is recorded in Figure 7. 

Since both the direct and disperse dyes color the 
40-45% combined acetic acid cellulose fibers rapidly 
and heavily, it has been suggested that in this range 
we have an easily water swellable “mixed fiber” 
having both cellulose and cellulose acetate prop- 
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Fig. 7. Relative dyeing rate as function of percent 
combined acetic acid. 
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erties. In the 54-55% combined acetic acid fiber, 
where only one out of every six hydroxyl groups is 
left unacetylated, the affinity for the direct dyes is 
negligible, whereas the capacity for the disperse dyes 
remains high, even though the rate of diffusion of the 
dye molecules in the fiber is reduced, due in part to 
reduction of water absorption by the fiber. This is 
even more the case for the triacetate fiber, although 
the data in Table IV indicate a relatively high satura- 
tion capacity for the typical slow diffusing dye 
structures. Examination of cross sections of the 
dyed yarns reveals complete and uniform diffusion 
in the lower acetyl range and ring dyeing for the 
high acetyl range, indicating the diffusion in the 
fiber is the rate determining step with these specific 
dyes. 

There is also a class of water soluble dyes which 
is prepared by sulfonating selected disperse dye 
structures so that a water solubilizing group is at- 
tached to a hydrophobic structure. 
group are 


Typical of this 


CH, 
no~ Sn=n¢_S N’ 
CH2CH:0SO;Na 


O NH; 


Jn. \SO;Na 
ete 


VY 


O NH—¢@ SCH; 


These are of interest because they are intermediate 
in dyeing properties between the direct and the 
disperse dyes. Thus these structures will readily dye 
the secondary acetate (54-55% combined acetic 
acid) with the addition of salt, but will only stain 
cellulose triacetate (61.5-62.5% combined acetic 
acid). This is not a rate phenomenon but is directly 
due to decreased affinity of the dye for the triacetate 
below 100° C. 

Several interesting relationships exist for the color- 
fastness of the disperse dyes on the various acetylated 
celluloses. In general, the lower the degree of 
acetylation, the more water swellable the fiber, the 
more rapid the dyeing rate, and the less washfast 
the color. This is illustrated in Table V. The effect 
of non-swelling is also observed in the complete 
absence of delustering on boiling of the fibers of 
60% combined acetic acid or more, whereas the 
54-55% combined acetic acid delusters on boiling, 
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TABLE IV. Saturation Capacity of Cellulose Triacetate 
% Pure dye 


< DN Hg __Yso.nu€ S 9.5 
NO: 


C:H; 


/ 


NO: YSN=N¢ ~ YN 4 


C:H,OH 


Structure 


NO:O OH 


ON 4s 
YAY 


OH O NHE »C:H,OH 


Conditions: Fiber dyed to constant value at 260°F. in 
contact with 15% pure dye on fiber weight. 





TABLE V. Color Retention* on Ne. 3 AATCC Wash at 160° F. 
as Function of Percent Combined Acetic Acid 


Improvement Over Standard Secondary Acetate 54.5% 


After 
heat treatment 
at 210° C., % 


Combined 
acetic acid, % 


Before 
heat treatment, % 





57.5 45 67 
60.0 47 68 
61.6 62 86 


* Brown tertiary shade. 





and the 40-45% 
80° C. 

Gas fading [9], due to NO, in the atmosphere, is 
a serious problem with 1,4-diaminoanthraquinone 
blues, especially at 54% or higher combined acetic 
acid. At 46% or lower combined acetic acid, a 
sharp decrease in gas fading rate is noted. Meas- 
urements indicate that the low acetyl content cellu- 
lose acetate is more permeable to, and has decreased 
solubility for, NO, gas. However, the increased 
moisture content is also believed to be a factor in 
preventing reaction of NO, with the —NH, of the 
dye molecule. 

The effect of increasing the degree of acetylation 
is, therefore, to increase the hydrophobic properties 
of the fiber, reduce moisture absorption and fiber 
swelling under dyeing conditions, and thereby reduce 
the rate of diffusion of the disperse dyes. To date, : 
we have not found any commercial disperse dye 
which dyes the triacetate fiber more rapidly and to 
a greater extent than it does the secondary acetate 
fiber under identical conditions. 


delusters and plasticizes below 
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In this paper we have not considered those aspects 
about which there is but little definitive data and a 
great deal of speculation : 

1. the effect of the internal physical structure of 
the fiber upon dyeing rate and capacity; e.g., the 
behavior of the amorphous, oriented, and crystalline 
regions, 

2. the specific intermolecular forces which exist 
between the dye and dye molecules, the dye and 
aqueous media components (solvation), the dye and 
specific functional groups on the fiber phase, in- 
cluding dipole interaction, hydrogen bonding, and 
van der Waal forces, and 

3. the mechanism by which dye molecules are 
adsorbed from the aqueous phase and then diffuse 
through the fiber phase in terms of partition coef- 
ficient, absorption, or true solution in the fiber 
phase. 


Relationship of Dye Structure, Dyeability, and 
Colorfastness on Secondary Acetate and 
Triacetate 


There is little in the published literature which 
would suggest that the synthesis of disperse dyes 
has followed basic principles relating dye structure 
to dyeability and the wide variety of colorfastnesses. 
The absence of publication in this field is in part due 
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to the competitive nature of the dye manufacturing 
industry, but is mainly due to its concern in the past 
with rapid dyeing rates at low temperatures and 
efficient exhaustion. For these reasons, many slow 
dyeing but colorfast dyes which have in the past 
been discarded as uneconomical are now being taken 
off the shelf for use on the polyethylene terephthalate 
polyester fibers (Dacron*® and Terylene*) and the 
cellulose triacetate (Arnel and Tricel) fibers. Two 
examples of the type of organized research required 
to improve the dyeing and fastness properties of 
disperse dyes are illustrated by: 

1. the diphenylamine yellow, azo red, and an- 
thraquinone blue structures of improved fastness, 
decreased tendency to crystallize out of the dyebath, 
and balanced solubility and affinity for the fiber, and 

2. anthrz .‘none blue structures of improved 
fastness to yas fading (NO,), improved wash and 
sublimation fastness, and good dyebath stability. 

One of the simplest of the diphenylamine dyes is 


H 
g Y—-N—<_Sso.Nu: 
NO, 


This bright yellow dye is easily crystallized and is 
excessively water soluble, especially at temperatures 


5 Trademark, E. I. du Pont de Nemours & Co., Inc. 
® Trademark, Imperial Chemical Industries, Ltd. 


TABLE VI. Effect of Structure on Washfastness * 


Melting 


point, 
x 





178 


y Ae, a, 
NO: 


2. —SO:NHC.H; 


153 


(CH:CH; 
—SO.N 
CH:CH:OH 
(CH.CH.OH 
—SO.N 
CoH 
CH.OH 
_so.NH—cCCH, 
‘CH; 


* On secondary acetate. 


Dye retained 
after No.3 
wash, % 


Molecular 
Dyebath crystallization weight 





None 293 45 


Crystallization 
tendency moderate 


Crystallization 
tendency moderate 
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above 160° F.; it is therefore incompletely exhausted 
from the dyebath at higher temperatures. Con- 
versely, this color is easily washed out of the fabric, 
even at 105° F. The objective of the dye synthesis 
program was, therefore, to replace one of the hy- 
drogen atoms on the sulfonamide group with a suit- 
able hydrophobic water insolubilizing group. This 
would not only reduce the water solubility, but 
would also improve the washfastness of the dye on 
the fabric. Table VI illustrates the relationship of 
dye structure and wash/astness. 

It is noted that the dye with simple sulfonamide 
structure dyed onto secondary acetate is lost to the 
extent of 55% on washing by the Number 3 AATCC 
Test at 160° F. The replacement of a hydrogen by 
a phenyl group reduces the color loss to 35%. The 
best washfastness is observed with the phenyl hy- 
droxyethyl derivative. However, in both cases, 
these structures show a greater tendency to crystal- 
lize in the dyebath. Hydroxy-containing aliphatic 
substituted groups display much more dyebath sta- 
bility, but are of intermediate washfastness. 

The three simple azo dyes described in Table VII 
further illustrate the relationship between structure 
and dyeing rate and affinity jor both secondary and 
triacetate. It is interesting to note that the bal- 
anced solubility obtained by the presence of one 
hydroxy alkyl group significantly increases the dye- 
ing rate and affinity for both the secondary and tri- 
acetate fibers. The dimethyl derivative is extremely 
insoluble in the bath, which in part explains the slow 
dyeing rate for both fibers. However, the much 
greater rate and extent of dye on the triacetate fiber 
in comparison with the secondary acetate suggests a 
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relationship between the hydrophobic nature of the 
dye and the fiber. This example indicates that 
dyes can be synthesized specifically for the cellulose 
triacetate fiber. Tennessee Eastman Company’s ex- 
cellent work on red azo dyes containing fluoro sub- 
stituted alkyl amines has resulted in dyes of im- 
proved lightfastness. 

The effect of structure shown for the azo dyes 
with respect to dyeing behavior is duplicated in the 
anthraquinone dyes based on 1-4-dialkyl-amino-an- 
thraquinone. This is illustrated in Table VIII; the 
1-methyl-4-hydroxyethyl-amino-anthraquinone shows 
the best balance of dyeing properties. 





TABLE VIII. Effect of Anthraquinone Blue Structure 


on Dyeing Properties 


O NH—CH; 
ate 

i] i j 

i | 
Y/Y 

O NH—CH; 

O NH—CH; 





Crystallizes easily out 
of dyebath 

Very slow dyeing on 
secondary acetate 


Good dyebath stability 
Good dyeing rate 
Good exhaustion 
NH—CH:—CH-OH 
OQ NH—CH;—CH;OH 
| | 
WY 


O NH—CH:—CH;OH 


Good dyebath stability 
Fast dyeing rate 
Fair exhaustion 





TABLE VII. Effect of Structure on Dyeing Rate and Affinity on Secondary and Triacetate 


I 
CH, 


NO: N 


| CHs 
| 
N====N 


Secondary acetate, 1 hr. 
Secondary acetate, 2 hr. 


27% 
29 


Triacetate, 1 hr. 


38.4 
Triacetate, 2 hr. 


55.5 
Dyeing temperature = 90° C., 1% dispersed oil color. 


1 Wl 
CH, CH:CH;OH 


NO, N NO; N 


/ 
G iy 
\ \ 
N===N 


69.0% 
71.0 


CH-CH-OH 
q 0) 
N==N 


67.0% 
75.8 


CH:CH:OH 


61.3 
72.0 


48.4 
64.0 





TABLE IX. Gas Fading Resistance of 
Anthraquinone Blues 


Nitrile Blues 


O NH; 
i | CN 
Vi \% 


\ oe 
|] CN 


i 
OQ NHCH:CH:0CH; 
Il. Fair 


NH—-@ YS 


Arylamine Blues 


Ht | : 


IV. Good 


Typical Gas Fading Blue 
NH: 
Esa 





Gasfast Blues in the Anthraquinone Series 


The vulnerability of anthraquinone blues to color 
change within the fiber due to absorbed oxides of 
nitrogen has stimulated considerable work on the 
synthesis of structures which are immune to this 
fault [9]. Marked improvements in the rate of 
fading were demonstrated in dyes containing ortho 
substituted groups, such as the nitrile group. It is 
postulated that this substitution results in reduced 
basicity of the 4-amino nitrogen as shown in Table 
IX, Structure I. 

The marked retardation of gas fading is found 
only where an aromatic substitution is present in 
the 4 position nitrogen or where both 2 and 3 posi- 
tions are substituted, as in the Structure II given in 
Table IX. However, these dyes show poor af- 
finity. This is due to a combination of low satura- 
tion capacity and a tendency toward crystallization. 

The objective of an anthraquinone blue structure 
immune to gas fading with sufficient intrinsic af- 
finity and dyebath stability represented an objective 
which has now been met in a structure containing 
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no unsubstituted amino groups. Such a structure 
was discovered in 1,5-dihydroxy-8-nitro-4-anilido- 
anthraquinone (III), where the phenylamine nitro- 
gen, because of low basicity, does not form nitroso 
compounds under the conditions of atmospheric fad- 
ing [9]. This dye, which possesses good lightfast- 
ness and excellent resistance to atmospheric fading 
due to oxides of nitrogen, has been systematically 
modified by variation of the aromatic amine. Wide 
variations can be obtained in dyebath crystallization, 
intrinsic affinity, pile-on, and susceptibility to af- 
finity with variation of pH concentration. 

The data obtained on the dyeing properties of the 
violet obtained from 1-hydroxy-4-arylamino-anthra- 
quinone can be directly applied to the blue dye struc- 
ture, noted above. In general, the following ob- 
servations hold. Increased dyeing rate is found in 
structures containing alcohol groups, such as those 
prepared from m-amino benzyl alcohol, m-amino 
phenyl methyl carbinol, p-amino phenyl ethyl alcohol, 
and m-amino phenyl cellosolve. Further variation 
in dyeing behavior is noted where 1,5-dihydroxy 
structures are compared to 1,8-dihydroxy analogs. 
Of particular interest is the increase in dyeing af- 
finity shown by mixtures of 1,5- and 1,8-dihydroxy 
compounds. The carry-over from the 1-hydroxy-4- 
arylamino series to the 1, hydroxy-4, arylamino-8, 
nitro-5, hydroxy blue dye is illustrated in Table X, 
with quantitative data given for the violets. 


Accelerant Dyeing of Cellulose Triacetate 


Many water soluble organic compounds, such as 
butyl cellosolve, propylene carbonate, and triethyl 
phosphate, have been used with disperse dyes in 
special dyeing processes for secondary acetate. How- 
ever, it was not until the poly (ethylene-terephtha- 
late) polyester fiber (Dacron and Terylene) became 
commercially important in the early 1950’s that a 
broad and active interest developed in dyeing as- 
sistants which would accelerate the dyeing rate with 
disperse dyes at atmospheric pressure in conventional 
machines. Fortunately, all of this experience with 
accelerant dyeing, including the specific chemicals 
used, is directly applicable to the triacetate fiber. 

To illustrate the need for the acceleration of the 
dyeing rate, Figure 8 contains the rate curves for 
secondary acetate, triacetate, and a polyester fiber 
with a selected slow dyeing anthraquinone blue. It 
cannot be inferred from this comparison that the 
triacetate fiber will under all circumstances dye more 
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rapidly than the polyester fiber, since this same 
anthraquinone blue at 260° F. under pressure dyes 
the polyester fiber much faster and more heavily 
(Figure 9). In the commercial dyeing of heavy 
shades on triacetate in the absence of accelerants, 
2-4 hr. longer dyeing time is requiréd in comparison 
with secondary acetate. 

Waters {10} in 1950 appears to have been the 
first to use the term “carrier” in connection with the 
addition of chemicals to the dyebath to increase the 
rate of dyeing the polyester fiber. Vickerstaff [11], 
in an excellent discussion of the mechanism by 
which these additives accelerate the dyeing rate, was 
more cautious and used quotation marks when he 
described these dyeing assistants as “carriers,” which 
on addition to the dyebath “gave increased adsorp- 
tion of dyestuff by the fiber.” Subsequent authors, 


particularly those working with benzoic acid and 
various phenolic compounds, continued to use the 





TABLE X. Comparative Affinity * of 
Arylaminoanthraquinones 
(1% Oil color, 80° C., 1 hr.) 
1-Hydroxy-4- 1,5-Dihydroxy-4- 
arylamino- arylamino-8- 
anthraquinone nitroanthraquinone 


Arylamine 
substituent 


Fairly good (55%) 


Fair (26%) 


Good (65-70%) 


Good (70-75%) 


* On secondary acetate—percent exhaustion. 
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term carrier without quotes, possibly on the as- 
sumptica that a complex was formed between .the 
dyeing assistant and the dye molecule. 

In our investigation of the dyeing properties of 
cellulose triacetate [8, 12] the mechanism of ac- 
celerant dyeing appeared to involve several factors : 


1. In the dyebath, the additive increases the rate 
of solution of the disperse dye crystals, especially the 
relatively insoluble dyes. Where the additive is 
only slightly soluble in water, the dye dissolves in 
the additive droplets. 

2. The water insoluble additive forms a liquid 
layer on the fabric surface, more by filtration and 
deposition of the fine droplets than by electrostatic 
or molecular attraction. 








% EXHAUSTION 





Fig. 8. Relative dyeing rates of acetate, triacetate, and 
polyester fibers with 2% slow dyeing anthraquinone blue 
at 50:1 liquor ratio. 


% EXHAUSTION 





~===- POLYESTER 


Fig. 9. The relative rate of dyeing on triacetate and 
polyester fibers at temperatures above 100° C.; 2% anthra- 
quinone blue—50: 1 liquor ratio—in pressure dye. 
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TABLE XI. Typical Chemicals Which Accelerate Dyeing 
Solution or Dispersion in H.O 


Aromatic hydrocarbons 
Phenols 


Diphenyl, naphthalene, toluene 

Phenol, o- and -chlorophenol, 
o- and p-phenylphenol, meta- 
cresol 

Mono, di- and trichlorbenzene, 
naphthalene 

Benzoic, chlorobenzoic, o-phthalic 

Methyl benzoate, butyl benzoate, 
dimethyl phthalate, diethyl 
phthalate, dimethyl! terephthal- 
ate, dimethyl isophthalate 

p-naphthyl methyl ether 

Tripropyl and tributyl phosphate 


Chlorinated aromatics 


Aromatic acids 
Aromatic esters 


Aromatic ethers 
Phosphate ester 
(on triacetate) 
Miscellaneous aromatic 
compounds 


Acetophenone, phenyl celiosolve, 
phenyl methylcarbinol, methyl 
salicylate 





TABLE XII. Solubility of Typical Nonionic Dyes in Accelerants 
for Triacetate and Polyester Fibers (% wt./wt. at 20° C.) 


Eastman 
Blue 
GLF 

(anthra- 
quinone) 


Interchem 
Yellow 
HDLF-40 
(diphenyl- 
amine) 


Eastone 
Red 
N-GLF 
(azo) 





Tripropyl phosphate 31.9 8.8 32.4 
Dimethyl phthalate 10.5 54.4 9.1 
Diethyl phthalate 5.6 34.5 6.2 
Methyl salicylate 7.7 2.6 12.1 
Methyl benzoate BC 2.3 13.9 
Trichlorobenzene 3.7 3 8 
Water <.01 <.01 <.01 





3. The absorption of the additive molecules into 
the fiber occurs by the same mechanism as dyeing 
and results in: 


a. solvation of fiber molecules, reducing inter- 
molecular forces and increasing mobility of fiber 
molecule segments (swelling and plasticization), and 

b. solvation of dye molecules within fiber and 
possible formation of a fiber-additive media for dye 
solubilization. 


Many liquid and solid organic structures have 
been found to give increased dyeing rates on tri- 
acetate and polyester fibers when emulsified or dis- 
persed in the dyebath to the extent of 5-20% on 
the fabric weight. Some of these are listed in 
Table XI. 

It is important to note that such materials as 
tripropyl phosphate have a marked accelerant effect 
on the triacetate fiber, but none at all on the poly- 
ester fiber. This compound is absorbed by the 
triacetate fiber from the aqueous emulsion but not 
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at all by the polyester fiber. This would suggest that 
the source of the accelerant action is primarily within 
the fiber phase. 

Most of the accelerants or carriers being used 
commercially today are excellent solvents for the 
disperse dyes. This is illustrated in Table XII; the 
solubility of important dyes was measured at room 
temperature. The results with trichlorobenzene ap- 
pear to be anomalous unless at 90-100° C. its solvent 
action is greatly increased. 

Although thousands of compounds have been 
evaluated for their aceclerant action, very few of 
these materials meet the wide variety of require- 
ments necessary for commercial use. These prop- 
erties include low cost, effectiveness, dyebath sta- 
bility, nontoxicity, nonvolatility, and ease of removal 
from the fabric. 

Schuler [13], in the most recent paper on ac- 
celerant dyeing, studied the properties of an iso- 
octane medium in which both the dye and the “car- 
rier” were in solution. In the presence of a small 





—_—_—_—__—- 
1% TRPROPTL PHOSPHATE OW FABRIC WEIGHT 














% EXHAUSTION 


MOURS— DYEING TIME 


Fig. 10. Effect of liquor ratio and dyeing accelerant on 
dyeing rate in jig on triacetate at 95° C. (203° F.) with 3% 
anthraquinone blue. 


Si wr 251 SO! Ol 


% DYE SORPTION 
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08% ANTHRA BLUE OYEING FOR | HOUR AT 85°C 
AERO INES NN RE NI RM 
10:1 20:1 Ol 40:1 50:1 60! 70:1 80:! 90 10018 
LIQUOR RATIO. 


— 
oo — 
EXPERIMENTAL CONTROL 


Fig. 11. The effect of liquor: fabric ratios on dyeing rate. 





Fig. 12. Schematic representation of effect of accelerant 
and heat treatment on redistribution of dye (Eastone Red 
GLF) in Arnel fiber. From upper left: (1) dyed 2 hr. at 
203° F.; (2) dyed 2 hr. at 203° F. followed by heat treat- 
ment—10 sec. at 425° F.; (3) dyed 2 hr. at 203° F. using 
10% on fabric weight tripropyl phosphate; (4) same as 
(3) after heat treatment 10 sec. at 425° F. 


amount of water (saturation of fiber and iso-octane 
for solvation) Schuler postulated that the various 
organic carriers increased the internal mobility of 
the fiber polymer chains (Dacron) and thereby in- 
crease diffusibility of dye molecules within the fiber 
phase. 

The results of our own work on the accelerant 
action of tripropyl phosphate in dyeing triacetate 
have been applied to commercial scale trials in the 
jig. The data recorded in Figure 10 clearly indi- 
cate that economic levels of exhaustion can be 
achieved in about one-half the dyeing time when 
10% tripropyl phosphate is used on the weight of 
the fabric. In addition, the marked effect of liquor- 
to-fabric ratio is noted, since in the laboratory it is 
very difficult to dye at less than 40: 1 liquor-to- 
fabric ratio, whereas in a commercial jig the ratio 
may be as low as 3:1. This is further illustrated 
in Figure 11. 

An important aspect of accelerant action is that it 
increases the rate of diffusion within the fiber. This 
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is illustrated schematically in Figure 12. The im- 
portance of uniform distribution throughout the 
fiber cannot be overemphasized, since wash, light, 
gas, and “0” fading fastness are improved. In addi- 
tion, the color value for a given percent dye on the 
fiber is increased as the dye goes from ring to uni- 
form distribution in the fiber. 
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The Dyeing of Cellulose: Theory and the Dyer' 


John Boulton 
Courtaulds Ltd., Manchester, England 


J UST 25 years ago, the author was able to say 


Although the dyeing of cellulosic materials forms 
in itself an important and extensive section of the 
textile industry, the precise nature of the dyeing 
process involved has been the subject of very little 
serious investigation from the physico-chemical 
standpoint. ... As a result of the lack of exact ex- 
perimental data there has been advanced no satis- 
factory theory which would account for the be- 
havior of direct or substantive dyes towards cel- 
lulose. , 


These were the opening sentences of a post-gradu- 
ate thesis which was written with the intention “ul- 
timately to study, independently of each other, some 
of the factors involved in the dyeing of cellulosic 
materials.” 

During the last 25 years there has emerged a 
theoretical picture of cellulose dyeing which, though 
there may be some i’s to dot and some t’s to cross, is 
complete enough to form the basis of technological 
advance. Under the pressure of modern develop- 
ments, those working in the dyeing industry must 
accept theory as they now find it, by and large, and 
apply themselves to speeding technological changes 
which shall make the best use of it. 

The real beginnings of systematic research into 
cellulose dyeing are associated with viscose rayon. 
The early productions of that fiber exhibited more 
or less marked variations in dyeability. In 1920 
Wilson and Imeson noticed that some direct dyes 
accentuated the resultant nonuniform appearance 
more than others. C. M. Whittaker sought to char- 
acterize the “leveling” and “non-leveling” dyes to 


facilitate dye selection in the commercial dyeing of © 


rayon. Among other things he found that uniform 
dyeing could be expected only from those dyes which 
migrated readily, under the influence of water and 
heat, from dyed to undyed fiber—a clear hint to 
the existence of a diffusion mechanism within the 
fiber. He showed that if, on dyeing for a given time, 


1 Given at the American Chemical Society Colloquium on 
Dyeing of Cellulose, New York, September 10, 1957. 


maximum exhaustion of dyebath took place at a low 
temperature, the dye under test would dye viscose 
uniformly ; if at a high temperature,.it would give a 
nonuniform or unlevel result in the dyer’s hands. 
This was eventually interpreted in terms of the 
kinetics of dye diffusion ; as the empirical ““Tempera- 
ture Range Test,” it enabled dyers to choose tractable 
dyes, especially in mixings where it was soon found 
that, in a common dyebath, it paid to use dyes which 
had similar properties if the matching of a given 
color by mixed dyes of appropriate hue were to be 
achieved under reasonable control. 

Empirical tests and intelligent observations by 
practical dyers such as Whittaker; the Donnan 
theory of membrane equilibrium ; the work of Robin- 
son, Hartley, Mills, McBain, and others on colloidal 
electrolytes ; together with prescient observations by 
isolated authors, in particular Harrison in 1911; 
provided a tenuous background to a series of re- 
searches on the kinetics of dyeing. 

These researches have now achieved the status of 
a generalized theory. The contributions made by 
S. M. Neale and his collaborators in the Manchester 
College of Science & Technology; the Courtauld 
contributors, including Morton, Wilson, Crank, and 
Robinson ; Vickerstaff, and his several collaborators 
of I.C.I.; Standing, Urquhart, and their collaborators 
of the Shirley Institute; and Valko and Royer from 
the U.S.A. were all important. 


General Theory of Cellulose Dyeing 


Cellulose, like all other textile fibers, is made up 
of polymeric chains. The links are cellobiose units 
and the chains are packed together to form filaments. 
The molecular packing is not uniform throughout the 
fiber, but the chains lie roughly parallel to the fiber 
axis; in some parts they are so closely packed that 
they form crystals and at others they are twisted 
together amorphously (Figure 1). 

When a filament is wetted, water is absorbed, 
osmotic pressure pushing aside the disordered chains 
in the amorphous parts to accommodate a bulk of 
water which is approximately equal in weight to the 
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weight of the wetted fiber in the case of viscose 
rayon and rather less in the case of cotton. This 
pushing aside creates pores in their structure, and it 
is via these channels that dye molecules make their 
way during the dyeing process, entering and travers- 
ing the water-filled channels by the process of dif- 
fusion. 

Direct dyes are invariably derived from azo bodies, 
which have substituent sulfonic groups to render 
them water soluble, and the dyes themselves are the 
sodium salts of the resulting sulfonic acids (Fig- 
ure 2). 

These dyes are made by coupling benzenoid struc- 
tures together via diazo reactions, and the starting 
points are bodies such as benzidine in which the 
coupling groups are at opposite ends of the molecule. 
Consequently, the resulting dyes all have “long” 
planar structures. Generally speaking, if a dye does 
not have this linear structure, it is not substantive to 
cellulose. In solution, direct dyes like all other salts 
are ionized: 

DSO;Na — DSO;-+Na* 

The molecules tend to aggregate together into tiny 
dispersed particles; the sodium ions have greater 
freedom of movement than the large colored dye 
ions, and yet cannot escape completely from the at- 
traction of those same, so that a dye molecular ag- 
gregate exists as a bundle of dye anions surrounded 
by a layer of sodium cations and, if salt is present, 
chloride anions (Figure 3). 

A solution of direct dye consists of a dispersion of 
such bundles which may be of wide range of dimen- 
sion, from simple dye ions to very heavy aggregates. 
This behavior is implicit in the description applied 
to direct dyes as colloidal electrolytes; in solution 
they exhibit such colloidal properties as gelling, 
salting out, thixotropy, and streaming double refrac- 
tion, and at the same time behave like electrolytes in 
the conduction of electrical current and the develop- 
ment of osmotic forces. Like other similar colloids, 
dyes in solution are affected by changes in tempera- 
ture and the addition of other electrolytes. The 
higher the temperature of the solution the more 
nearly molecularly dispersed the dye. The addition 
of common salt increases the degree of aggregation. 

Viscose rayon filament or cotton fiber carries a 
negative electrical charge on its surface. Since dye 
anions are negatively charged, if we take an ab- 
solutely pure dye in electrolyte-free water its sub- 
stantivity towards a pure cellulosic substrate is either 
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zero or very small, since the like charges repel each 
other. In order that dyeing can take place, dye ions 
must make contact with fiber as a prelude to pene- 
trating the surface via the water channels. A pure 
dye cannot do this, but if salt is present in the dye 
solution, the preliminary adsorption takes place. 
The first effect of electrolytes is to suppress the re- 
pulsive force between dye and fiber surface, if not 
completely, to a point when Brownian movement of 
dye aggregates can overcome the weakened electrical 
barrier. Thereafter, the addition of further quan- 
tities of salt has the effect of lowering the solubility 
of dye and shifting the equilibrium adsorption in 
favor of the adsorbing fiber 


Cellulose chains in a fiber. 


OCH, CH 
N N 
OH OH 
NH, 


Fig. 2. Chlorazol Sky Blue FF 


Ions and molecules in a dyebath. 





DYEBATH EXHAUSTION % 


LOG TIME OF DYEING (SECONDS) 


Fig. 4. Dyeing time vs. exhaustion. 


Salt additions are an essential in direct dyeing, and 
the above explains why. But we have seen that salt 
affects the state of solution of the dye as well as its 
attraction for fiber. This is of immense practical 
significance. The first stage in dyeing is the contact 
between dye aggregates and fiber surface. These 
aggregates, if they are small enough to enter the 
pores, diffuse into the fiber, and the dye solution be- 
comes impoverished of single molecules and smaller 
aggregates. It is in the nature of a polydisperse 
solution to maintain an equilibrium between large 
and small aggregates; as the smaller ones disappear 
the large ones break down, so that a dynamic equi- 
librium exists. Salt tends to aggregate dye mole- 
cules; if too much is present the dye molecules ad- 
sorbed on, or positioned near, the fiber surface grow 
rapidly and there is an accumulation of relatively 
large amounts of dye on the most accessible parts of 
the fiber surface. This, in dyeing a mass of fibers 
in any form, is what the dyer knows as a bad 
“strike,” the prelude to a nonuniform dyeing. 

Once inside the pores, dye molecules diffuse 
throughout the amorphous fiber matrix, but if that 
were all, there would be no exhaustion of the bath 
other than by that amount of dye soluble in the water 
which the swollen fiber has imbibed. In faet, dif- 
fusing molecules become attached to the internal 
molecular structure; i.e., they exhibit substantivity, 
which means that there must be some attractive force 
operating to form a complex of fiber and dye. 

The complex formation between viscose rayon and 
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direct dyes can thus be visualized as colored dye 
molecules lying alongside segments of cellulose chain 
in the intramicellar spaces which make up the 
amorphous part of the fiber structure. 

We see now that the dyeing process involves four 
stages: the opening up of fiber structure by water 
swelling, the adsorption of dye aggregates on the 
surface of the fiber; the diffusion of dye molecules 
or small aggregates into the capillaries of swollen 
fiber, and the fixation of dye molecules by formation 
of a bonded complex with cellulose chain molecules 
in the interstructure of the fiber. 

Under constant conditions of temperature and dye- 
bath composition, the swollen fiber adsorbs dye grad- 
ually, and in time a state of equilibrium is reached 
between dye solution and fiber such that the partition 
of dye between the bath and the dyed fiber remains 
constant (Figure 4). 

The dyer does not always dye to equilibrium, be- 
cause it may take too long and he may not have con- 
stant conditions; he has a definite shade to match, 
which is the decisive factor in the dyer’s work, and 
may be making periodic additions of dye or salt and 
may increase or decrease the dyeing temperature or 
liquor length. We must, therefore, inquire further 
into the influence of these dyers’ practical variables 
on the fundamental processes involved. 

The swelling process is not affected by dyebath 
conditions. A viscose or cotton yarn or fiber (unless 
it is waterproofed by size or hydrophobic oils, which 
when prepared for dyeing it should not be) wets out 
immediately in water, and the degree to which it 
swells is not sensibly affected by the presence of any 
electrolytes or other solutes, nor by temperature. 

The important influence of dyebath variables refers 
to the rate of dye adsorption and the amount of dye 
adsorbed. It should be stated here that in both these 
respects regenerated celluloses are a little different 
from cotton cellulose. Viscose rayon has a greater 
affinity for direct dyes than has cotton; under given 
dyeing conditions it adsorbs dye more rapidly and 
adsorbs more of it. 


Influence of Variables in Practical Dyeing 


Figure 4 represents the theoretical course of a 
direct dyeing. In practice the dyer is able to alter 
all the variables we shall consider, but all he is able 
to observe is the rate at which his dyebath is becom- 
ing exhausted and how near or how far he is from 
the required depth and uniformity of shade. There- 





DecEMBER 1958 


fore, at the risk of some oversimplification we will 
observe the influence of his practical variables in 
terms simply of dyebath exhaustion and time. 


Temperature 


The effect of increasing temperature is to increase 
the diffusing rate of dyes in the fiber. Leveling is the 
process of diffusing dye from overdyed to underdyed 
places. All dyeings begin by being nonuniform 
since dye is first taken up by adsorption onto sur- 
faces and must afterwards penetrate inside. Several 
single threads exposed equally to this initial adsorp- 
tion (strike) may be uniformly colored to the eye, 
but they are not penetrated until the diffusing process 
has operated. A woven fabric and certainly a 
packaged mass of yarn will be initially nonuniform 
simply because in any dyeing machine it is impossible 
to expose every filament surface simultaneously and 
equally to the unexhausted dyebath. Therefore, the 
higher the temperature of dyeing the more rapidly 
will a level result be achieved. 

The further effect of increasing temperature is to 
lower the amount of dye adsorbed at equilibrium. 
This may seem puzzling to the dyer, because he is 
aware by practical experience that: (a) different 
dyes “draw,” i.e., show maximum (apparent) af- 
finity, at different temperatures, and (b) raising the 
temperature of his dyebath may with some dyes en- 
able him to adjust his shade in a downwards 
(thinner) direction and with others in an upward 
(thicker) direction. 

To explain these observed facts we have first to 
appreciate that the rates at which direct dyes diffuse 
vary over a colossal range. For example, under 
dyeing conditions arranged to give the same final 
exhaustion for both dyes, it takes Chlorazol Fast 
Orange AGS 2,500 times as long to be exhausted as 
Chlorazol Fast Orange GS. Consider two such dyes, 
shown in Figure 5. X is a rapidly diffusing and Y is 
a slowly diffusing type. The time scale is compressed 
logarithmically so as to show everything on one 
diagram realistically. 

If we apply dye X for half an hour at 95° C. it has 
long since reached its maximum exhaustion and 
longer dyeing has no effect. If we do the same thing 
at 50° C. we get to an equilibrium again, but it is a 
new one, the dyeing being much darker. The dyer 
has, therefore, called dye X “cold drawing.” What 
we mean really is that dye X is so rapidly diffusing 
that even when slowed down by lowering tempera- 
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tures, it has still reached its final equilibrium in a 
short time (4 hr.). If we dye Y for } hr., we have a 
fractional exhaustion at 95° C. but because dyeing is 
proceeding faster at that temperature than at the 
lower, the 4-hr. dyeing at 95° C. is darker than that 
at 50° C., and dye Y has been called a “hot drawing” 
dye. Thus, though to the dyer X and Y may seem 
to behave in diametrically opposite senses with re- 
gard to temperature changes, they are in fact be- 
having exactly the same, as theory indicates, except 
that one diffuses rapidly and one slowly. This is 
also the explanation of the “temperature range” test 
of C. M. Whittaker, which was in effect a means of 
differentiating between rapid diffusers (level) and 
slow diffusers (unlevel) for the reasons shown. 


Salt and Dye Concentration 


The effect of adding salt to the dyebath is ob- 
served in practice as an increase in the degree of 
dyebath exhaustion ; we get a heavier shade and the 
bath exhausts more rapidly; we use salt to exhaust 
the dyebath wherever we can because salt is cheaper 
than dye. 

If we were to add increasing amounts of salt to a 
series of identical dyeings and take the dyebath re- 
sulting from each addition to equilibrium we would 
find that the final amount of dye adsorbed by each 
dyeing depends on the salt concentration. 

The fact that increasing concentration of salt for 
a given dye concentration increases the proportion 
of dye in the bath taken up finally by the fiber may 
be stated another way: decreasing concentration of 
dye for a given salt concentration increases the 
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Fig. 5. Temperature effects on two dyes. 
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amount of dye taken up expressed as a proportion of 
dye present. 

In other words, dye concentration and salt con- 
centration are completely interdependent. Research 
on dyeing equilibrium has demonstrated that, if we 
express substantivity as the proportion of available 
dye to be adsorbed at equilibrium, then substantivity 
depends directly on the ratio of salt concentration to 
dye concentration. The higher the salt-to-dye ratio 
the greater the substantivity of a given dye; i.e. the 
greater the affinity of the dye for the fiber. 


_ Dye adsorbed | Concentration of salt 
= 2 wc move ter Fn 
Total dye present Concentration of dye 





or 





Percent exhaustion = s( 


Concentration of st) 
Concentration of dye 


The degree to which salt-to-dye ratio determines 
substantivity varies very widely between dyes, some 
dyes requiring many times their own weight in salt 
to exhaust to an economically high degree and others, 
if dye concentration be low enough, being capable 
of exhaustion in the absence of added salt, the effect 
being gained from adventitious electrolytes generally 
found in industrial waters and dye powders. 

The extent to which salt additions increase the 
speed of dye adsorption also varies from dye to dye. 
The effect of salt in increasing dyeing speed is not at 
all similar to the effect of temperature, which acts in 
the same direction. Rise in temperature causes an 
increase in the rate at which dye diffuses into fiber ; 
salt additions do not have this effect to any useful 
degree. Determination of relative diffusion con- 
stants has shown that where diffusing rates may 
vary as between individual dyes by some thousand- 
fold, and each dye may be influenced in its diffusing 
speed over some hundred-fold by varying tempera- 
ture, the variation of electrolyte concentration over 
the practical range affects diffusion of a given dye 
only by two or three-fold, which is negligible for the 
practical dyer. What we have done, by adding salt, 
is merely to increase the amount of dye which be- 
comes concentrated on and around the surface of the 
fiber in a given time. That is to say that the indis- 
creet addition of salt to a dyebath increases the 
probability of a bad “strike.” A bad strike simply 
means that the dyer has lost control of the exhaustion 
of his dyebath and the dye is rapidly deposited on 
the most accessible parts of the fiber mass, only 
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distributing itself thereafter by the processes of 
diffusion between the water layers which separate 
packed filaments and within the fibers themselves. 
Thus, the addition of salt never assists leveling; it 
tends always the other way. A dye which tends 
towards unlevelness as a result of a minimum salt 
addition we call salt-sensitive. A dye which can be 
exhausted progressively by salt addition and still 
levels at a rate determined by its diffusion charac- 
teristics we call salt-controllable. 


Liquor Ratio and Agitation 


The effect of decreasing the ratio of liquor to 
goods is to concentrate the dyebath (dye and salt) 
and consequently to increase the rate at which the 
dye is adsorbed and increase also the amount ad- 
sorbed if equilibrium be reached, i.e. to increase 
dyebath exhaustion for a given time. This means 
that for a given depth of a given dye (combination) 
the degree of care which the dyer exercises must 
be greater the lower the volume in which he is 
working, since he has less control over exhaustion. 

Any increase in movement of dye liquor with 
respect to fiber increases the probability of dye 
particles coming into contact with fiber surface; 
therefore agitation must increase exhaustion rate. 
A dense mass of yarn in a moving dye liquor comes 
into contact with the dye at the surface of the mass, 
and the interior gradually wets out with dye solution 
until the mass has absorbed its water of imbibition. 
Thereafter, the supply of dye particles to the interior 
depends in part upon the rate at which fresh dye 
liquor can penetrate. If, because of density of pack- 
age, that penetration is very slow, agitation of the 
dye liquor outside will merely help dye adsorb onto 
the package surface. If, however, the package can 
be readily penetrated by the moving dye liquor, 
increased agitation assists in the initial distribution 
of dye at the adsorption stage, so that a more uniform 
strike throughout the mass results. 


Present Theoretical Problems 


This general and simple outline has dispensed with 
a great mass of refinements which have been the 
subject of recent and current communications from 
Crank, Vickerstaff, Giles, Peters, Neale, and their 
collaborators. To begin with, the diffusion coef- 
ficients of dye molecules within cellulose which have 
been published by several workers are not real con- 
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stants. The diffusion process satisfies only approxi- 
mately the Fick diffusion law. Diffusion constants 
for a given dye and fiber are a function of both dye 
and electrolyte concentration in the dyebath. These 
relations have been illuminated by the work of 
Crank and his colleagues and satisfactory explana- 
tions found for much of the divergence of the dye/ 
fiber system from straightforward diffusion. How- 
ever, there is still more than one favored concept. 
The equipotential surface model postulates the pres- 
ence of an electrical potential gradient inside the 
fiber pores. Dye molecules diffuse in aqueous solu- 
tion inte the pores on the walis of which an electrical 
barrier must be overcome for adsorption to take 
place. In the equipotential volume model an ap- 
proaching dye ion must overcome a potential barrier 
before it can approach the cellulose surface closely 
enough to enter a pore. Once the dye is inside the 
pore, the established equilibrium is a Langmuir 
adsorption. 

What is apparent to the dyer-chemist is that the 
dependence of diffusion coefficient on conditions of 
the dyebath is a consequence of several varied effects ; 
we can recognize two. First, diffusion is continu- 
ously accompanied by sdsorption, and the rate of 
movement of dye ions must be a function of the 
adsorption isotherm of dye molecules. Second, 
there are electrical effects which depend upon the 
ionic content of the diffusing dyebath and on the 
surface charge of the fiber being dyed. Much of the 
work of elucidating the electrical effects has been 
due to Dr. Crank and Dr. Neale. 

Studies of the dyed state as distinct from the dye- 
ing process have produced more than one school of 
thought. On the one hand is the theory that over 
the whole internal surface of swollen cellulose there 
are distributed active centers. On ionization the 
colored anions of dye are attracted to these centers 
with a force which varies as some function of the 
distance. This force is opposed by thermal agita- 
tion; hence higher temperatures lead to lower ad- 
sorption, and the attraction is intensified by the 
presence of electrolytes insofar as these inhibit the 
free movement of dye ions in solution and thus en- 
courage their fixation by adsorption. Neale and his 
collaborators fit dye isotherms to a more simple 
picture in which the dye solution within the fiber and 
the dye solution surrounding the fiber are considered 
as separate phases on each side of a membrane (the 
fiber—water interface). Classical Donnan membrane 
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equilibrium treatment leads to quantitative rela- 
tionships between dye adsorbed and concentration of 
dye and added electrolyte. When these two points 
of view are pared down to essentials I find it difficult 
to see very much difference. Certainly, as far as the 
dyer is concerned there will be none. 

Neither theory provides an actual measure of the 
affinity of direct dyes for cellulose. They are, how- 
ever, based upon actual measurements and to these 
data Peters and Vickerstaff applied classical thermo- 
dynamic treatment to produce a quantitative measure 
of affinity. That is to say, they have measured the 
change in standard chemical potential which ac- 
companies the adsorption of dye by fiber. 

Using the basic expression, Ap® = RT In ap — 
RT in ag, concentrations have been used in place of 
activities. This has meant the employment of an 
arbitrary volume term representing the layer of 
dye-cum-electrolyte solution at the fiber—water inter- 
face. A shortcoming of any such treatment is that 
there is, as yet, no apparent method of really de- 
termining this volume term. However, the calcula- 
tion of affinities is an important step forward, and 
the values found reflect the known dyeing properties 
of the dyes measured. For example, Sky Blue FF 
has a value for —Ap° of 7,500 calories and Chryso- 
phenine G of 3,800 calories under equivalent condi- 
tions. This tells us that Blue FF has a greater 
affinity than Chrysophenine. The dyer already knew 
from experience that Blue FF was faster to water 
and washing than Chrysophenine, which was the 
same thing. But the dyemaker knows now by how 
much some dyes are more tenaciously held than 
others, and he may be able to use this information in 
the design of dye molecules giving the greatest fast- 
ness. Further, it is found that the same calculated 
values for affinity are obtained for a given dye on 
any kind of cellulose (e.g., cotton, viscose, and 
cuprammonium). Presumably, when enough dyes 
have been examined, the relationship between major 
structural features of dyes and the affinity for cel- 
lulose as such will emerge. 
great advance. 

No precise definition can yet be given to the 
forces which coordinate dye and cellulose molecules 
in the fiber-dyed state. 

The direct dye molecules are long and planar in 
shape and exhibit when dyed onto anisotropic cel- 
lulose a dichroism which Morton has shown can be 
explained only in terms of adlineation of dye moie- 


This would be a very 
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cules along the cellulose molecular chains. Since 
direct dyes have appropriate chemical groupings for 
the donation and acceptance of electrons, and cel- 
lulose is rich in hydroxyls and carbonyl groups, the 
concept of hydrogen bonding is immediately attrac- 
tive to account for substantivity. It was for some 
time thought that this bonding must depend on spe- 
cific spacing of polar substituent groups along the 
length of the dye molecule. Conmar Robinson has 
shown, however, that a group on a dye molecule lying 
adjacent to a cellulose chain can always bond with 
one or other cellulosic hydroxyl, irrespective of its 
position. We know, further, that leuco vat dyes 
are highly substantive, yet almost none of these 
authraquinone derivatives is possessed of atomic 
groupings which could take part in hydrogen bond 
formation. What is apparent from a study of atomic 
models is that both vat and direct dyes can lie 
in very close contact with fiber chain molecules, and 
whatever the precise combination of forces which 
cause the attachment of fiber to dye may turn out to 
be, there is everything in favor of nonpolar Van der 
Waals forces, as well as the possibility of hydrogen 
bonding. 


The Technical Value of Theory 


The principal result of research into dyeing has 


been’ that dyes may be characterized according to 
their technical behavior during the dyeing process 
and, as a consequence of this, the dyer has gained 
greater control over his material. Thus, the method 
of commercial dyeing whereby the artisan got his 
results by trial and error, i.e. by the employment of 
artful dodges known empirically to him, is obsoles- 
cent. Unfortunately it is not obsolete. But sufficient 
data on direct and vat dyes ultimately of a physico- 
chemical nature readily translatable in terms of ob- 
servable and controllable behavior have been sys- 
tematized that formula-dyeing, controlled largely 
from the laboratory, is possible. 

The value of dyeing kinetics data as an aid to ap- 
plication has been recognized by the dyemakers. At 
one time dyes were sold on fastness, hue, and price. 
They are now also characterized, on pattern cards 
and in servicing literature, by dyeing rate and the 
influence on dyeing characteristics of temperature 
and salt addition. 

Understanding of the relative importance of the 
rate-determining factors in dyeing, the functions of 
salt and temperature particularly, has enabled the 
dyer to obtain results of greater uniformity and wet 
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fastness, and to choose compatible dyes for his in- 
evitable mixings. 

It is recognized that the higher the temperature 
of dyeing in general, the better the distribution of 
dye, and higher dyeing temperatures are being em- 
ployed. Jigs and winches are more often found 
closed with a consequent saving of heat as well as 
producing greater control of dyeing. In the package 
dyeing of yarns and fibers, machines are being op- 
erated under pressure and at temperatures much 
above the boil. Recognizing the importance of rapid 
initial distribution of dye has led to the redesign of 
packages of yarn, especially rayons, for dyeing in 
circulatory machines, and to the use of higher 
liquor pumping speeds, which have shortened dye- 
ing time as well as given better results. 

The setting up of a simple mathematical model 
of the enclosed circulatory dyeing system and a 
critical examination of all the parameters involved 
has led Armfield to redesign completely this rela- 
tively simple machine so as to make use of very 
much less water and yet get dyed results more 
quickly and to a higher standard of uniformity with 
dense masses of viscose rayon. The trade had al- 
ways insisted that the more water one used the 
better the chance of producing a level result. Theory 
stated the opposite should be the case in a circulatory 
system, and it was easily demonstrated that this 
was so. 

Not long ago dyeing was an art. Research over 
the last 25 years has transformed it into a well 
comprehended technology. At the same time we 
have come to realize what a complex process the 
dyeing of a fiber really is. As a technical operation 
it is hazardous and as a commercial undertaking it is 
expensive. The problems before us now are those 
of reducing the hazards and, if possible, the relative 
costliness of dyeing operations. 

The object of dyeing is the uniform coloring of 
economically large masses of fiber, yarn, or fabric to 
standards of fastness appropriate to a given trade. 
Are there, in the case of cellulose, any better tech- 
niques available, or possible, than the slow diffusion 
and redistribution of water-soluble dyes from aque- 
ous dyebaths? There are several concrete and prac- 
tical answers to this question. 


The Outlook 


We can consider dyeing, as we knew it when 
theoretical research got under way, as the process of 
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encouraging very small amounts of dye to transfer 
into cellulose from very large bulks of water under 
the influence of time and heat. Time is expensive, 
heat is expensive, the transfer process is hazardous. 

The first real break with tradition came with the 
Pad Steam method, developed by Du Pont, in which 
concentrated dye solution is padded onto continu- 
ously moving cloth which passes into a steaming 
zone where thermally activated dye diffusion takes 
place. The mechanical pressure of pad rollers re- 
places Brownian movement as the dye-distributing 
agency, controlled feed of a concentrated dye solu- 
tion replaces juggling with dyebath electrolytes in 
determining the amount of dye distributed, steam 
replaces warm water for providing heat activation of 
the diffusing process, and a high-production con- 
tinuous process replaces a |: w-production batch 
process. 

In the case of vat dyes this method in effect com- 
pletely overcomes a major hazard. Dye can be dis- 
tributed to all parts of the fabric mass in the non- 
substantive state; leuco vat adsorption does not 
commence until dye particles are in situ as inactive 
pigment for uniform distribution eventually as leuco 
dye. 

The Standfast Molten Metal Process is also con- 
tinuous; here the fabric runs through concentrated 
leuco dye into a bed of liquid Woods metal which 
provides both dyeing heat and mechanical pressure. 
Its great advantage is the ease of cleaning and 
liquor changing so that what is a continuous process 
can be used economically for brief runs and small 
weights. 

The leuco vat dyeing of yarn and fiber packages in 
circulatory machines is notoriously hazardous be- 
cause of the high affinity of leuco dyes for cellulose 
and the consequent difficulty of distributing dye 
through thick masses, i.e., rayon cheeses. Before 
circulating liquor has penetrated the package wall, 
much of the dye is enhausted on to the package 
outer surface, and dyeing becomes a long, slow 
process of redistribution from dyed to undyed places 
—from the outside of the mass to the inside. I.C.I. 
workers and Hampson, at Droylsden, have together 
developed a method of distributing vat dye pigment 
so that the particles are uniformly adsorbed onto 
every fiber surface and following this with the cir- 
culation of reducing liquor so that dyeing proper 
takes place throughout the mass of yarn. 

The furtherance of these basic ideas, of applying 


dye to fiber in non-substantive form and then gen- 
erating substantivity in an essentially uniform sys- 
tem of dye and fiber, is and should be a major aim of 
dyeing research. 

A notable advance has been provided by the ap- 
pearance of chemically reactive dyes, of which two 
examples are the Procions (I.C.I.) and the Cibacrons 
(Ciba). 

The Procions of Imperial Chemical Industries are 
soluble dyes of very low substantivity which can be 
padded into cellulose, activated chemically by al- 
kalies, and dyed on by chemical reaction between 
reactive dye groups and cellulose hydroxyls. The 
combination of high initial diffusion rate while in- 
active and real chemical affinity when activated 
offers a concept of dyeing which should provide not 
only for highly uniform dyeing but for continuity 
of process and high fastness of the dyed product. 
These dyes are very new; they are going to be very 
important. 

Given that pigment and fiber are associated to- 
gether uniformly, and the association is of some 
permanence, there is no fundamental reason why 
pigments should not be attached, by some separate 
adhesive agency, to the surface of fibers. This idea 
has been under development for some long time in 
the resin bonded pigments which have appeared 
commercially. Advantages to be gained, if the right 
kind of adhesive can be found such as will anchor 
relatively large amounts of pigment and yet not 
affect fiber mechanical properties, are or should be 
two-fold. The process can be made continuous, and 
it is nonaqueous in that the necessity to heat up 
large bulks of water is obviated. Furthermore, a 
great many iuorganic and simple organic pigments 
are available which are cheaper than water-soluble 
dyes. The advances made in polymer chemistry and 
the growing understanding of surface phenomena, 
including the action of adhesives, would make it ap- 


pear likely that, eventually, relatively large quantities 
of dye could be anchored to fibers by surface ad- 
hesion. 


During the 25 years under review there have been 
significant changes in the fiber field which are in- 
creasingiy affecting dyeing technology. Time was 
when the cellulose dyer dyed cotton and rayon. To 
an increasing degree, both these fibers are being used 
in blends with other staples. The existence of cel- 
lulose secondary and triacetates, polyamide, poly- 


ester, polyacrylic, and regenerated protein fibers, 
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plus the natural staples, cotton and wool, means 
inevitably that more than one fiber must be treated 
in a common dyeing process. Textile technology is 
moving rapidly in the direction of multiple fiber 
structures. Broadly speaking, cotton and viscose 
rayon staple will be the base-load fibers in that de- 
velopment. Fabric dyers will be increasingly faced 
with textiles made of cellulose plus something else. 
This is not the place to attempt any itemization of the 
possibilities, but the problems are already formidable. 
Those in the dyes, fiber, and dyeing fields are having 
to apply development resources at full pressure to 
the discovery of technological methods of dealing 
with a theoretically near-infinite number of dye— 
fiber systems. Two lines of development stand out. 

Where a fabric comprises, for example, a fiber to 
which cellulose dyes are acceptable and one to which 
they are not, both may be colored by the padding on 
and fixation of an unreactive pigment. The alterna- 
tive is that one, or both, of the fibers should be dyed 
as raw material, before spinning into yarn or weav- 
ing into fabric. Both these lines are likely to create 
revolutionary changes in machinery and processes. 
In the case of both cotton and viscose rayon, these 
changes will be influenced by new spinning tech- 
niques. The dyeing of fibers as such calls for blend- 


ing of colored fibers in yarn-spinning ; this is estab- 
lished wool technology, and modern cotton spinning 
techniques may call for the dyeing of draw-frame 
slivers by similar means to those used for dyeing 
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wool slubbing. In the case of man-made fibers, why 
not dye fiber tow? A thin continuous tow-length of 
high linear strength lends itself to continuous and 
therefore cheaper dyeing methods, which are cer- 
tainly simpler in principle than dyeing large bulks of 
loose fiber or dense packages of yarn. 

Finally, as far as viscose rayon is concerned, why 
dye at all? The principle of solution-dyeing, or 
mass pigmentation, pioneered by the viscose rayon 
industry has led to a considerable output of colored 
fibers and yarns having the advantages of cheapness 
compared with the cost of producing dyed equiva- 
lents, and fastness properties of an all-around order 
which is higher than otherwise can be obtained. 

What is being suggested is that one should not dye 
at all if it can be avoided—if by dyeing is meant that 
physico-chemical system upon which many have 
spent so much time. The fact is, of course, that 
dyeing will go on as long as commerce demands 
that stocks of white textiles be warehoused for con- 
version; there are good reasons why that must be 
so in some sectors of the textile industry. But there 
can be no doubt of two things: (1) that an intensive 
period of inspired technical improvisation is ahead, 
out of which sound lines of research and develop- 
ment will emerge and, in fact, have emerged, and 
(2) that man-made fibers will be bought and used, 
to an advancing degree, as already colored com- 
modities. 


Manuscript received December 18, 1957. 
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Abstract 


In package dyeing with vat dyes by the pigment method, the finely dispersed pig- 
ment is circulated through the package and exhausts on the fiber in the oxidized state. 
The degree of pigmentation varies greatly from one part of the package to another, 


resulting in initial unlevelness of the package. 


The degree of levelness of the final 


dyeing will depend on the amount of migration that takes place after the pigment is 


reduced to the leuco vat dye. 


Dyes having leucos with high affinity for the fiber, as is 


shown by measurements of the free energy of dyeing, migrate less and produce less level 


package dyeings. 


Reducing the particle size of the pigment sometimes gives more level pigmentation 


at-the beginning, but this is not necessarily reflected in more level final dyeings. 


The 


vat acid process also leads to more uniform pigmentation, but still does not give level 


dyeings in évery case; it is also quite inconvenient. 


Retarding agents promote levelness 


by tying up leuco and slowing the strike, but are uneconomical because much dye is left 


in the bath. 
with exhaustion and are very expensive. 


Solvents slow the rate of dyeing and promote levelness, but also interfere 
A higher temperature (212°-220° F.) during 


the pigmentation and reduction shifts the equilibrium in favor of the dye bath and 
promotes levelness; the temperature can then be lowered to put the remaining dye on 


the fiber. 
at the higher temperatures. 


However, pressure machines are necessary; also, many dyes are unstable 


A migration test for vat dyes, whereby a dyed and undyed skein are placed in a 
caustic-hydro solution and allowed to reach equilibrium, has been found to give a good 


indication of the dye’s leveling ability. 


Introduction 


Millions of pounds of yarn, particularly cotton 
and rayon, are dyed each year in the form of pack- 
ages. Unless the most rigidly controlled conditions 
are maintained during the dyeing process, the inside, 
middle, and outside portions of these packages dye 
to different depths of shade. The difficulties are 
much more pronounced with some dyes than with 
others. It is well known that the structure of yarn 
(i.e., the count, twist, and ply) influences the uni- 
formity of the results. In addition, the angle and 
density of winding, the types of tubes or springs on 
which the yarn is wound, and the kind and rate of 
circulation obtainable with the equipment used are 
important factors affecting levelness. 

Because of their outstanding fastness properties, 
the vat dyes have wide application in all quality dye- 


1 Presented before the Symposium on Dyeing Behavior of 
Cellulose and Cellulose Derivatives at the 132nd American 
Chemical Society Meeting in New York City, September 
8-13, 1957. 


ing fields. Their use in package dyeing of yarn has 


therefore assumed great importance. It is known 
that better levelness can be obtained by circulating 
the unreduced vat pigment through the package be- 
fore the reducing agent is added to convert the dye 
to the leuco form. 

Conradi [3] found that a high rate of flow of the 
bath through the package, and also incomplete ex- 
haustion of the reduced dye, contributed to levelness. 
On outside-in circulation the dye solution reaches 
the inside of the package at a lower dye content than 
it originally contained, due to absorption by the out- 
side of the package; however, the flow velocity in- 
creases as the dye moves toward the center of the 
package because the cross-sectional area decreases. 
Therefore, more solution passes through the same 
amount of yarn at the inside than at the outside of 
the package, which provides for the absorption of 
more dye per second. These two differences between 
the inside and outside of the package should tend to 
offset each other during outside-in flow and favor 
levelness. 


TABLE I. Particle Sizes of Milled and 
_Unmilled Vat Dye Samples 


Size of particles, u 





Unmilled Milled 


Dye Bulk* Range Bulk* 
Dark Blue BO 1-4 

Olive Green BN Tt § 1-60 
Brown R . 1-3 

Golden Yellow GK § 1-8 

Violet 4R -15 1-5 

Golden Orange RRT 1-20 


Golden Orange 4R 1-200+- 10-100 1-15 


* An estimated 80-90% of the sample. 
t Reaggregation offset milling so that particle size 
increased. 
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Flanagan [4] obtained improved levelness by the 
use of retarders to slow the rate of dyeing and per- 
mit greater migration and color redistribution. 
Hampson [5] found that solvents such as Butyl 
Carbitol aided in leveling but are impractical be- 
cause of the large amounts required, their high cost, 
and the expense of recovery. 

Our object. was to determine the effect of several 
variables on levelness of package dyeing with vat 
dyes. We wished to determine, first of all, whether 
or not the particle size of the pigment dispersion has 
any effect. We then investigated the effect of re- 
tarders and solvents, temperature variation, and the 
use of vat acids. Finally, we looked into the rela- 
tionship between levelness of dyeing and the affinity 
of the dye for the fiber (in the thermodynamic sense ) 
and tried a simple test for migration as an indication 
of level dyeing properties. 


Effect of Particle Size 


Seven vat dyes were used in the experimental 
study to determine the relationship between particle 


size and package dyeing properties. 
lected were: 


Dark Blue BO 
Olive Green BN 
Brown R 

Golden Yellow GK 
Violet 4R 

Golden Orange RRT 
Golden Orange 4R 


The dyes se- 


C.I. 59800 
C.I. 69500 
C.I. 69015 
C.I. 59100 
C.1. 60010 
C.I. 59705 
C.I. 59710 


Some of these are known to dye levelly without 
special care, while others are known to give level 
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dyeings only with much difficulty. Two samples of 
each dye were prepared which were alike in all re- 
spects except in the size of the dye particles. These 
were obtained by selecting a dye sample having rela- 
tively large particle size and milling a portion of this 
until the desired small particles were obtained. The 
particle size ranges were determined microscopically 
and are given in Table I. 

All these samples were dyed on 1-lb. packages of. 
20/2 cotton yarn in a laboratory package machine, 
the packages being wound on a 2-in. perforated fiber 
tube. The liquor ratio was 16:1. The rate of flow 
in the package machine was 4-5 gal./min. with a 
cycle of 3 min. outside-in and 2 min. inside-out. All 
packages were dyed 1% shades in order that the 
unlevelness, if any, would be most noticeable. 

A typical procedure used for dyeing follows: 

Wet out package 10 min. at 140° F. with 0.1 oz./ 
gal. Deceresol *? OT wetting agent (25%). Add 1% 
(o.w.f.) dye dispersed with 2% soap on the out- 
side-in cycle. 

Circulate 20 min. at 140° F. 

Add 0.8 oz./gal. of sodium hydroxide flakes plus 
0.8 oz./gal. of sodium hydrosulfite on the outside-in 
cycle. 

Run for 25 min. at 140° F. 

Flush with cold running water on the inside-out 
cycle until solution is clear of dye leuco and the pH 
is approximately 7. 

Then add 0.2 oz./gal. hydrogen peroxide (100 
volume) to the cold bath on the outside-in cycle and 
circulate while heating to 200° F. 

When 200° F. is reached, add 0.2 0z./gal. soap 
flakes to bath and circulate for 20 min. at 200° F. 
Then flush clear, extract water from the package, 
and dry. 

Two series of tests were made to determine the 
degree of levelness obtained with the milled and the 
unmilled samples of the seven vat dyes. In one 
series, only the pigmentation step was carried out, 
and the levelness of the pigmentation was measured. 
In the second series of tests, the dyeing was carried 
through to completion and the levelness of the final 
dyeing observed. Spectrophotometric measurements 
of the strengths of the different sections of the pack- 
ages were then made to determine their levelness. 
Extractions and quantitative measurements of actual 
dye present in different parts of the package were not 
considered necessary, since the unlevelness was so 


2 Reg. U. S. Pat. Off.; American Cyanamid Company. 
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great that more accurate measurements would not 
have helped in interpreting the effects. The spindle 
section was most heavily colored in all cases. The 
color strength of the spindle section was arbitrarily 
assigned a value of 100%, and the color value of the 
most weakly colored portion of the package was 
compared with that of the spindle. The resulting 
ratio thus provided a numerical indication of level- 
ness. For example, a value of 25% indicated that 
the weakest portion of the package was only 25% 
as heavily colored as the spindle section, an extremely 
unlevel package. A value of 100% indicated a com- 
pletely level coloring. The results of all these tests 
are presented in Table II. It can be seen from this 
table that in almost all cases the pigmentation step 
gives very unlevel dye deposition, and the levelness 
is much improved after reduction and finishing. 
Also, decreasing the particle size has little effect on 
the levelness of the final dyeing. 

With the thought that the larger pigment particles 
are first filtered out onto the package, with only the 
small particles left in the dyebath, a test was made 
to determine if these smaller particles obtained in 
this manner would give level pigmentation. A pack- 
age was placed in the machine and pigmented in the 
usual manner with Violet 4R. Then at the end of 
the pigmentation period the pigmented package was 
removed and a previously wet-out, clean white cotton 


. 25% 


——— DARK BLUE BO 
———-— OLIVE GREEN BN 

--- - VIOLET 4R 
——-— GOLDEN ORANGE 4R 
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Fig. 1. Exhaust rate curves for seven vat dyes. The 
break at 20 min. corresponds to the addition of hydro. The 
slight break at 40 min. on the Golden Yellow GK curve 
corresponds to the addition of more salt. 
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TABLE II. Levelness of Pigmentation and of Final Dyeings of 
Milled and Unmilled Samples of Vat Dyes on Cotton Packages 


Levelness value, % 


Unmilled 


Milled 


Pigmented 
only 


Pigmented 


Dye Dyed only Dyed 





Dark Blue BO 21 65 80 
Olive Green BN* 85 76 é 80 
Brown R 31 98 ~ 100 
Golden Yellow GK 20 90 87 
Violet 4R 16 79 23 65 
Golden Orange RRT 36 65 38 70 
Golden Orange 4R 22 80 21 80 


* Reaggregation offset 


milling so that particle size was 
increased. 





package was placed in the machine. This second 
package was then pigmented with the dye which 
remained in the machine after the pigmentation of 
the first package. Both packages were dried, and 
sections from the packages were compared for level- 
ness. The unlevelness of the second package was as 
pronounced as that of the first. This again indi- 
cates that the particle size of the vat dye has little 
effect upon the levelness of pigmentation. 

Experiments were carried out to see if more level 
results could be obtained by varying the direction of 
flow during the pigmentation step. It was found 
that when the direction of flow was outside-in with- 
out reversal throughout the entire dyeing period 
the unievelness was the same as when the flow was 
cycled in the regular way. This seems to indicate 
that level pigmentation is probably not obtained by 
any normal operation of package dyeing equipment. 

There is good reason to doubt that the dye be- 
comes permanently fixed in the same area of the 
package as that in which it is first pigmented. If 
the dye became fixed where pigmented it would be 
almost impossible to obtain a ievel package dyeing, 
because it has already been shown that level pig- 
mentation is not obtained regardless of the particle 
size. 


Exhaust Rates 


The rates of pigmentation and the rates of dyeing 
of the different vat dyes on cotton packages were 
also determined. During the pigmentation and also 
during the dyeing period, 10-ml. samples of the dye 
bath were withdrawn at various times and placed in 
100-ml. volumetric flasks. The flasks were filled to 
the correct level with a reducing solution containing 
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sodium hydroxide and sodium hydrosulfite and 0.5 
ml. of Peregal OK ethylene oxide condensation prod- 
uct to stabilize the system. The flasks were then 
heated in a water bath to 140° F. for 15 min. to 
insure complete reduction and cooled to room tem- 
perature, 70° F., to eliminate any temperature ef- 
fects before running transmission curves. Spectro- 
photometric transmission curves of these solutions 
were compared with the curves of corresponding 
solutions from the initial bath to determine the 
amount of dye exhausted at various times. These 
exhaustion values were then plotted vs. time to give 
the complete dyeing rate curve. At the beginning of 
the reduction period, samples were taken at more 
frequent intervals in order to determine the extent 
to which the dye left the fiber during this crucial 
period. 

The exhaustion rates of unmilled samples of the 
seven vat dyes are shown in Figure 1. The first 
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Fig. 2. Effect of particle size on exhaust of Dark Blue 
BO. Solid curve: unmilled sample; dashed curve: milled 
sample. 
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Fig. 3. Effect of Peregal OK ethylene oxide condensa- 
tion product on exhaust of Violet 4R. Top curve: no 
Peregal; middle curve: 0.2 oz./gal. Peregal OK ethylene 
oxide condensation product at start, 0.8 oz./gal. of 25% 
Deceresol OT wetting agent after 30 min.; bottom curve: 
0.4 0z./gal. Peregal OK ethylene oxide condensation product 
at start, 1.6 oz./gal. of 25% Deceresol OT wetting agent 
after 30 min. 
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(solid) portion of each curve represents the pig- 
mentation step while the latter (dotted) portion 
shows the leuco exhaustion or true dyeing portion 
of the process. In each case the distinct break in 
the curve corresponds to the time when hydro was 
added and the dye became reduced. The level dyeing 
vats, Brown R and Golden Yellow GK, gave curves 
which indicated that a very large percentage of the 
pigment which had been deposited on the fiber came 
off when the dye was reduced to the leuco form and 
then slowly dyed back on. Golden Yellow GK had 
so little affinity for the fiber in its leuco state that 
the addition of salt was required to exhaust the dye 
properly. On the other hand, with Dark Blue BO, 
Violet 4R, and Olive Green BN, which are unlevel 
dyeing colors, only a small amount of dye returned 
to the bath when these dyes were reduced to the 
leuco state. Therefore, the exhausted pigment 
seemed to become fixed im situ and unlevel dyeings 
were obtained. If level pigmentation were possible, 
these particular vats would no doubt dye satisfac- 
torily from levelly pigmented packages. 

In the case of the dyes studied, the only noticeable 
effect from finer particle size appears to be in the 
pigmentation period of dyeing. The dyeing curves 
show little difference between samples of different 
particle sizes within the range studied except for 
Dark Blue BO and Violet 4R (see Figure 2). In 
these cases, very little of the finer pigments ex- 
hausted onto the package. As a consequence of this 
and the very high rate of leuco exhaust, no removal 
of dye from the package was detected when hydro 
was added. Therefore, these curves do not show 
the usual type of break. 

None of the variations in the size of the vat dye 
particles was found to correct the tendency of 


CURVE |=REGULAR DYEING CURVE WITH NO RE TARDING AGENTS 
* 2=DYEING CURVE USING 02 02/GAL MAGNESIUM LIGNIN SULFONATE 
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Fig. 4. Effect of magnesium lignin sulfonate on exhaust 
of Blue BLD. There is a marked decrease in dye exhaus- 
tion when the amount of retardant is tripled. 
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some vat dyes to dye unlevelly. Apparently, the 
level dyeing characteristics of a vat dye are, to a 
considerable extent, related to some inherent prop- 
erty of the dye itself. Levelness is not dependent on 
the particle size provided this is controlled to avoid 
excessively large particles or aggregates. 


Retarding Agents 


The use of retarding agents has become a com- 
mon practice among package dyers in order to ob- 
tain level dyeing by slowing up the strike and the 
degree of dyeing which occurs. This practice pro- 
motes levelness but also can be wasteful, as some of 
the dye which would normally exhaust is held in 
solution by the retarding agent. The effect of 
Peregal OK ethylene oxide condensation product on 
the dyeing of Vat Violet 4R is shown in Figure 3. 
An increase in the Peregal OK ethylene oxide con- 
densation product content decreased the amount of 
dye which exhausted from the bath. An anionic 
agent was added to the dye bath to promote further 
exhaustion by neutralizing the cationic effect of the 
Peregal, but this treatment seemed to have no effect. 

Similar results were noted when magnesium and 
sodium lignin sulfonates were used with Blue BLD 
(Figure 4+). Comparison of curves with retarding 
agents in the dye bath vs. the regular dyeing curve 
shows that there is little change in total exhaustion 
when only 0.2 oz./gal. of magnesium lignin sulfonate 
is used; however, there is a marked decrease in dye 
exhaustion when the amount of retardant is tripled. 

In general, dyed packages do not become com- 
pletely level when retarding agents are used, but 
they are usually more level than they would be 
without the retarder. The tendency of the retarder 
to tie up the leuco ion of the vat dye makes the use 
of larger amounts of these agents uneconomical be- 
cause of the large amount of unexhausted dye which 
remains in the dye bath. 


Vat Acids 


Another method which has been used to dye light 
shades level with dyes which are normally unlevel 
dyeing is the “vat acid” method. 
vat is reduced in the presence of a good dispersing 
agent and then acidified with acetic acid to obtain a 


In this method the 


fine suspension of vat acid. Subsequent pigmenta- 
tion and dyeing procedure are similar to those em- 
ployed in the pigment reduction method, the pig- 


ment (in this case the acid vat) being in a very 
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Fig. 5. Vat acid method applied to Violet 4R. Solid 
curve: exhaust by regular method; dashed curve: exhaust 
by vat acid method. 
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Fig. 6. Solvent method applied to Violet 4R. Solid 
curve: exhaust by regular method; dashed curve: exhaust in 
the presence of 10% 3A alcohol. 


finely dispersed form. The results obtained by this 
The vat acid method 
does not solve all package dyeing problems, however. 
In addition to the inconvenience of the extra prepara- 
tion step, there is a tendency for the dye to exhaust 
in a manner similar to that of the reduction method ; 
the outside and spindle sections are more heavily 
dyed than the centers. This is probably due to the 
large amount of unexhausted fine pigment which re- 
mains in the dye bath and then exhausts rapidly on 
that part of the package with which it first comes 
in contact after the addition of caustic. This occurs 
with the unlevel dyeing vais—those with the high 
rate of strike. Figure 5 shows comparisons be- 
tween dyeing curves of Violet 4R using the regular 
pigment reduction and the vat acid methods. 


method are generally good. 


Solvents 


A method of only limited use in obtaining level 
dyeing is the addition of a volatile solvent to the vat 
dye bath. Small amounts of solvents, such as alco- 
hol, Cellosolve (ethylene glycol monomethy! ether), 
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Fig. 7. High temperature method applied to Dark Blue 
BO. Solid curve: exhaust by regular method (140° F.); 
dashed curve: exhaust by high temperature method (205°- 
210° F.). 





TABLE III. Dilute Pigment Filtration Tests 


Reflectance ratio: dyeing from 
filtrate/dyeing from original 
dispersion, % 


Unmilled 





Milled 


Dye 





Dark Blue BO 19 95 
Olive Green BN* 95 41 
Brown R 60 97 
Golden Yellow GK 34 68 
Violet 4R 46 96 
Golden Orange RRT 87 79 
Golden Orange 4R 39 72 


* Reaggregation offset milling so that effective particle 
size was increased. 








acetone, etc., aid levelness by slowing the rate of 
dyeing. The greater the amount of solvent added, 
the slower the dyeing rate. Large quantities may 
prevent dyeing altogether. Although this method 
gives good results, it has questionable practicability, 
as the cost factor would be prohibitive without a 
solvent recovery system. The dye bath exhaustion 
is poor unless the solvent is volatilized to the point 
where full exhaustion of the dye can occur. The 
effect of solvent on the dyeing rate is shown in 
Figure 6. 


‘High Temperatures 


Still another method used for obtaining level dye- 
ings is the high temperature dyeing procedure. The 
theory of this is that higher temperatures reduce the 
affinity of the dye for the fiber and therefore promote 
levelness. In this method the vat dye is added in 
reduced form and dyeing is begun at the temperature 
of 212°-220° F. The dyeing is continued at this 
temperature for 5 min.; then the heat is turned off 
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and dyeing is allowed to continue in a cooling bath 
for 40 min. more. In this time the temperature 
should drop to 150°-160° F. and the exhaustion 
should be close to that of a dyeing made at 140° F. 
If the temperature does not cool to this point, the 
dye is less completely exhausted on the package. 
An example of this is illustrated by a dyeing of 
Dark Blue BO at 205°-210° F. A comparison of 
this dyeing curve (Figure 7) with that of a similar 
dyeing made at 140° F. indicates that pigmentation 
is lower, more dye comes off the fiber, and final 
exhaustion is much less at the higher temperature. 
High temperature methods apparently produce im- 
proved levelness by shifting the equilibrium, but 
there are a number of serious disadvantages. Pres- 
sure machines must be available if temperatures 
above 212° F. are to be obtained. These are ex- 
pensive. The vat dyes used must be carefully se- 
lected, as a number of them cannot endure the high 
temperatures required without becoming completely 
destroyed or seriously altered in shade. 


Pigment Filtration Tests 


It is common practice to use certain filter tests to 
predict the suitability of a dye for package dyeing. 
The dilute pigment filtration test is designed to in- 
dicate which vat dyes can be expected to give satis- 
factory behavior by virtue of their fine particle size. 
It is an error to assume that such a test alone is a 
definite measure of the ability of a dye to dye levelly. 
According to one method, the test is carried out by 
dispersing a weighed amount of vat dye in warm 
water by means of a high speed mixer for a set 
period of time. Then a measured portion of this 
dispersion is poured into a dye beaker and set aside. 
The remainder is filtered by suction through two 
sheets of filter paper by means of a Buchner funnel. 
A measured portion of the filtrate, equal to that 
previously set aside, is then placed in a second dye 
beaker. The vat dispersion in the two dye beakers 
are reduced and a cotton skein dyed in each. A 
comparison of the reflectances of the two dyed 
skeins can be taken as an indication of a dye’s 
ability to dye levelly. Numerically the results are 
expressed as the ratio of the reflectance of the dye- 
ing from the filtrate to that of the dyeing from the 
unfiltered portion of the dispersion. Essentially it 
provides a measure of the percentage of dye which 
passed through the filter. Since the smaller-sized 
particles produce better tests, as they filter better, 
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the dilute pigment filtration test is a measure of 
particle size differences. Since particle size is im- 
portant in many aspects of vat dyeing, this test often 
has real value, particularly for pad dyeing processes. 
As has been pointed out earlier, and shown by 
Flanagan [4], however, small particle size is not a 
complete or infallible criterion for judging the ability 
of a vat dye to produce level packages. 

Dilute pigment filtration measurements were made 
on the same milled and unmilled samples of the 
seven vat dyes considered earlier. The results are 
presented in Table III. 

In all cases except Golden Orange RRT and 
Olive Green BN, the filtration was considerably im- 
proved by milling. Relatively little aggregation can 
offset the effect of milling, particularly where the 
difference in size is small, as is the case with Golden 
Orange RRT. The sample of Olive Green BN did 
not respond to the milling operation but became 
more aggregated. 


Migration Tests 


An important characteristic of the dye which de- 
termines its ability to level appears to be its ability 
to migrate. We saw in Table II that, with one 
exception, the dyed packages are more level than the 
pigmented packages. This improvement in levelness, 
from the pigmented to the final dyed condition, is 
particularly striking with Golden Yellow GK and 
Brown R. These are known to be level dyeing 
colors. It is evident that in these cases there was 
considerable migration of dye after it was reduced, 
and as a result it did not become fixed where pig- 
mented. 


A test for the level package dyeing properties of 
vat dyes should show a good correlation with actual 


results obtained in the mill. Ideally it should involve 
all the major factors contributing to level dyeing. 
The importance of migration of the leuco form of 
the vats was mentioned earlier. A test based on 
this migration was recommended by the Society of 
Dyers and Colourists a number of years ago [8]. 
This simple test generally shows good correlation 
with actual dyeing results. The test involves placing 
a dyed and undyed skein in a reduction bath con- 
taining caustic and hydro, dyeing for 30 min. at 
140° F., and then oxidizing, soaping, and drying 
both pieces. Strengths of these two skeins are then 
determined by spectrophotometric reflectance read- 
ings. The relative strengths of the two dyeings 
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provide a measure of the migration of the dye. 
Numerically the results are expressed as the strength 
of the weaker of the two dyeings, with the stronger 
taken as 100%. 

Eighteen vat dyes were tested by this method; the 
migration values found appear in Table IV. A value 
of 100% indicates complete leveling. The dyes 
which are normally considered to give level dyeings 
have been separated from those which usually give 
unlevel dyeings. All the unlevel-dyeing dyes gave 
migration values of 50% or below (except for one 
which gave a value of 56%). Five of the level-dye- 
ing dyes gave values of 50% or above, but three 
dyes, Olive R, Brown BR, and Copper Brown, gave 
values of lower than 50%. There may be some 
discussion about putting Jade Green in the class of 
unlevel-dyeing vats, but we feel that the reason it 
usually gives no trouble is that it is exceptionally 
amenable to retarding agents and higher tempera- 
tures. 

A more direct migration test was run on the pack- 
age machine. This was done by pigmenting a cotton 
package in the regular manner with 1% Violet 4R, 
then removing the package, extracting the excess 
liquid, drying, and rewinding so that the heavily 
pigmented spindle section would be the outside sec- 
tion and the lightly pigmented outside section would 
become the spindle section of the rewound package. 
The package was then put into the package machine 





TABLE IV. Migration Tests 


Reflectance ratio: weaker 
dyeing/stronger dyeing, % 


Dye 





Level-dyeing vats 
Brown R 
Brown G 
Pink FF 
Golden Yellow GK 
Fast Yellow 
Olive R 
Brown BR 
Copper Brown 


Unlevel-dyeing vats 


Blue BLD 

Golden Orange 4R 
Golden Orange RRT 
Olive Green BN 
Dark Blue BO 
Violet 4R 

Jade Green 

Black BB 

Orange GF D 

Yellow GC 
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and dyed in a reduction bath without any added dye. 
As Violet 4R is a very unlevel dyeing color, and 
migration tests indicated that it migrates very little, 
the pigmentation and the dyeing patterns were ex- 
pected to be identical. The results confirmed this 
expectation. The heavily pigmented outside section 
of the rewound package was the heavily dyed section 
and the lightly pigmented spindle section remained 
the lightly dyed section. 


Affinities 


The affinity between a dye and a fiber has been 
expressed in many different ways. In all cases the 
purpose has been to find some expression which 
would indicate the firmness or permanence of the 
attachment of the dye to the fiber. The most descrip- 
tive measure of chemical forces, i.e., of the perma- 
nence of a chemical union, is found in the change in 
free energy which accompanies a reaction. The 
greater the decrease in free energy, the firmer the 
chemical bond. Vickerstaff et al. [9] have shown 


that this same thermodynamic criterion can be used 
to describe the affinities of dyes for fibers. 

Free energy calculations were made from equi- 
librium dyeing values. These values were substituted 
into the equation —AF® = RT In K, which expresses 


the thermodynamic relationship between free energy 
change, —AF°, and the equilibrium constant, K. In 
this equation 


- _ (Na)/(D)y 

~ (Na),?(D), 
where (Na);=concentration of sodium ion on the 
fiber, (D);=concentration of dye anion on the 
fiber, (Na),=concentration of sodium ion in the 
solution, (D),=concentration of dye anion in the 
solution, and z=valence of the vat leuco anion 
involved in the dyeing equilibrium. 

The free energies of dyeing of a number of vat 
dyes on Bemberg rayon were determined by using a 
method similar to those of Peters and Simons [6] 
and Peters and Sumner [7]. The methods of these 
investigators involved the finding of a dyeing equi- 
librium value by using a static system. The dye 
and material were placed in a flask in a constant tem- 
perature bath at 40° C. until equilibrium was 
reached. 

In the static dyeing equilibrium method it takes 
5—10 days to reach equilibrium. Some vat dyes are 
destroyed or decomposed when held in the leuco 
state for this length of time. In order to overcome 
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this objection, it was decided to try a “dynamic” 
method by agitating the dye bath so that equilibrium 
could be reached faster. The Launder-Ometer was 
used to accomplish this purpose, as it offered con- 
stant temperature conditions plus agitation. Bem- 
berg rayon was used instead of cotton in these ex- 
periments because it reaches equilibrium faster due 
to its greater absorption. Although the free energy 
values are probably different on cotton, it is likely 
that the relative free energy values of the various 
dyes are roughly the same on the two substrates. 

The experimental method used for the actual de- 
termination of the dyeing equilibrium was as fol- 
lows. Exactly 0.0001 M of real dye was used in 
each dyeing. The dye was reduced at 50° C. for 10 
min. with 1 g. of sodium hydrosulfite and 4 ml. of a 
25% sodium hydroxide solution in a 100-ml. volume 
containing 10 ml. of a 20% sodium chloride solution. 
A 2-ml. sample of the reduced solution was placed in 
a 100-ml. volumetric flask and brought up to volume 
with a reducing solution of 0.5 g. sodium hydro- 
sulfite, 0.5 g. sodium hydroxide, and 0.5 ml. of a 1% 
Peregal OK solution (for leuco stabilization). The 
dye bath was then placed in a 4-oz. glass bottle 
along with a 1-g. (approximately) piece of Bemberg 
rayon. The Bemberg rayon had previously been wet 
out with Deceresol OT wetting agent and ammonia, 
dried, and allowed to condition at room temperature. 
The 4-oz. jar was sealed by placing a sheet of poly- 
ester film over the mouth of the jar and then tighten- 
ing the cap firmly. The jar was placed in a regular 
pint jar which had been padded inside with wet cloth 
to facilitate heat transfer and to prevent breakage. 
The tops were placed on the pint jars (the 4-oz. 
bottles were sealed inside), and the jars were placed 
in the Launder-Ometer and run for 7 hr. at 50° C. 
(Previous work had indicated that at this tempera- 
ture equilibrium was reached in 7 hr. for all dyes; 
those having little affinity actually attain equilibrium 
within 2 hr.) The jars were removed from the 
Launder-Ometer ; the Bemberg rayon was squeezed 
to remove excess dye and then allowed to oxidize in 
the air. A 2-ml. sample of the final dye bath was 
taken and compared with the original by transmis- 
sion curves on the spectrophotometer to determine 
dye bath exhaustion. 

In order to check the exhaustion value, an extrac- 
tion of the dye from the Bemberg rayon was made 
by the following means. The dyed material was 
rinsed after oxidizing in air and acidified by placing 
in a 0.2% solution of sulfuric acid at room tempera- 
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ture for 2 min. It was then rinsed, dried, and al- 
lowed to condition for 48 hr. at 70° F. and 65% RH. 
The material was then accurately weighed and 
placed in a 50/50 Cellosolve (ethylene glycol mono- 
methyl ether)/water reducing solution containing 
0.5% sodium hydroxide and 0.5% sodium hydro- 
sulfite. All dye was extracted by a 100-ml. volume 
of reducing solution and compared by spectrophoto- 
metric transmission curves with the amount of dye 
originally used. The amount of dye exhausted from 
the bath and the amount found in the dyed Bemberg 
rayon were compared as a check on possible de- 
composition. In a few cases where the total dye 
accounted for by analysis was not in agreement with 
the starting amount, the experiments were discarded. 

In determining the equilibrium constant, the value 
of (Na), to be used depends on the model chosen 
to represent the dye-fiber system. Peters and 
Simons made their calculations on the basis that the 
two phases—aqueous and cellulosic—may be re- 
garded as homogeneous and that a Donnan equi- 
librium may be considered to exist between them 
the dye anions being nondiffusing. This procedure 
was followed in the work reported here. The equa- 
tions contain an equilibrium value for hydroxyl ion 
on the fiber and in solution. Since the experiments 
were conducted at 50° C., this equilibrium constant 
was redetermined at 50° C. by the method of Peters 
and Simons. 

All of the calculations of free energy change were 
made on the assumption that the < (valence) value 
of the dye ion involved in the calculation is not 
necessarily the same as the number of reducible 
groups in the vat dye. Some groups may remain 
unreduced, particularly where the molecules are 
complex. Also, even if the groups are reduced, they 
may not ionize or may exist, at least in part, in the 
acid form. In either case the proper < value is some- 
thing less than the number of reducible groups. For 
instance, in the indanthrone series—Blue RS, Blue 
BLD, Blue GCD—which contain four reducible 
groups, it is well known that only two of the four 
carbonyl groups are reduced in normal vatting pro- 
cedures. This is also true of the anthraquinone- 
carbazoles, Brown R and Olive R, reported in Tabie 
IV. Both Clibbens [2] and Appleton and Geake 
[1] have presented theoretical explanations for the 
presence of only two reduced groups in the more 
complex vat dyes. 

A calculation of the free energies using a “z value” 
of 4, the total reducible groups, would put Brown R 
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and Olive R in a high free energy class, which would 
indicate they were unlevel dyeing vats. However, 
when a “zs value” of two is used in the calculations, 
free energies of —4.07 and —4.12 kcal./mole are ob- 
tained for the Brown R and Olive R, respectively. 
This is much more in accord with their level dyeing 
properties, as explained below. 

Fast Yellow has four reducible groups and Copper 
Brown has six. Both these dyes have excellent level 
dyeing characteristics. Brown BR, which has six 
reducible groups, is also a good level dyeing color. 
The free energy values obtained by using the z value 
of two predict properties which agree much better 
with the practical dyeing results than higher free 
energy values calculated from larger z values. 

Table V shows free energy of dyeing values ob- 
tained by the method described above for 15 vat 
dyes. In Figure 8, the relationship between free 
energy of dyeing and levelness value is shown. The 
levelness values are taken from Table II (figures 
for dyed pieces), and also from Table VI, which 
shows several values for some additional unmilled 





TABLE V. Free Energy of Dyeing on 
Bemberg Rayon at 50° C. 


— AF®, kcal. /mole 


Dye 
Dark Blue BO 
Jade Green 
Golden Orange RRT 
Olive R 
Yellow GC 
Brown R 
Black BB 
Olive Green BN 
Red BN 
Brown BR 
Fast Yellow 
Copper Brown 
Golden Orange 4RD 
Orange GFD 
Golden Yellow GK 
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TABLE VI. Additional Levelness Values, Final 
Dyeings of Unmilled Samples 


Levelness value, % 


Dye 


Jade Green 75 
Red BN 90 
Fast Yellow 89 
Olive R 92 
Black BB 80 
Yellow GC 91 
Copper Brown 98 
Brown BR 92 
Orange GFD 68 
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Fig. 8. Relationship between free energy of dyeing and 
levelness value. @: unmilled samples; ©: milled samples. 


samples. The figure shows that the dyes with nega- 
tive free energy values of 5.0 kcal./mole and above 
fall in the unlevel class, whereas those with values 
of less than 5.0 are usually level dyeing. The cor- 
relation is not quite as good as might have been 
desired, but this may have been caused by the rather 
abbreviated method used for assessing levelness. 
Figure 9 shows the relation between free energy 
of dyeing and migration value, the latter taken from 
Table IV. The correlation here is better, except for 
the three dyes previously referred to which gave 
migration values that seemed to be out of line. 
Figures 8 and 9 both indicate that the strength of 
attachment between the leuco form of the dye and 
the fiber, as indicated by the affinity value, is an im- 
portant determinant of the dye’s levelling power. 


Summary 


The most important factor in determining the 
ability of a vat dye to produce level package dyeings 
is the migration characteristic of the individual dye. 
Levelness may be improved by the addition of re- 
tardants or solvents or by dyeing at higher tempera- 
tures, but all these decrease the amount of exhaustion 
of the dye. The improved levelness obtained by the 
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MIGRATION VALUE 


4: -3 —6: 
FREE ENERGY OF DYEING KCAL / MOLE 


Fig. 9. Relationship between free energy of dyeing and 
migration value. @: samples which appeared to have cor- 
rect migration values; ©: samples which appeared to have 
incorrect migration values. 


vat acid method is in part offset by additional ap- 
plication steps. Smaller particle size tends to de- 
crease the unlevelness of pigmentation to some ex- 
tent, but completely level pigmented packages ap- 
pear to be almost unobtainable. In addition, level 
pigmentation does not necessarily lead to level dye- 
ing, because considerable amounts of dye are re- 
moved from the package when hydrosulfite is added 
and is then redistributed as it dyes back on. Tests 
based solely on particle size as a determinant of level 
dyeing properiies are therefore unreliable. 

There is a definite relationship between the level 
dyeing properties of the vat dyes and their free 
energies of dyeing. Dyes having a strong attach- 
ment to the fiber or high free energies of dyeing are 
unlevel dyeing ; conversely, those having a weak at- 
tachment to the fiber or low free energies of dyeing 
are level dyeing. 
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Dyeing Theory: Retrospect and Prospect’ 
S. M. Neale 


College of Science and Technology, Manchester, England 


Abstract 


The physico-chemical approach to the understanding and elucidation of a phe- 


nomenon proceeds in three stages. 


The first stage consists of the collection of reasonably accurate quantitative data. 
In the second stage qualitative or rough quantitative explanations of the observed trends 
ate put forward, and in the final stage the whole phenomenon is made amenable to 


precise treatment in mathematical terms. 


The development of dyeing theory passed 


fairly rapidly through the first and second stages during the 1930's and is now struggling 


to enter the third stage. 


Ix 1926, J. K. Wood produced a second edition of 
his little book “The Chemistry of Dyeing,” which 


first appeared in 1913. At that time knowledge of 
dyeing, though a long established art, was based en- 
tirely upon technical experience in the “dyehouse,” 
and the quantitative data which alone would dis- 
criminate between the rival theories were lacking. 
Consequently, theories as to the nature of the process, 
reviewed in Wood's book, were legion. Moreover, 
although the structures of the synthetic dyes which 
had by then largely replaced the natural products 
were precisely known, there was still room for a 
good deal of speculation concerning the structures of 
the natural fibers which alone, at that time, came 
into question. 

It was also recognized that most of the direct 
cotton dyes were prone to pass into an ill-defined 
“colloidal” state, whereas methods for their purifica- 


1 Presented before the Symposium on Dyeing Behavior of 
Cellulose and Cellulose Derivatives at the 132nd American 
Chemical Society Meeting in New York City, September 
8-13, 1957. 





tion and quantitative estimation were clumsy and 
inaccurate. 

A convenient method for purification was not 
available until the work of Robinson and Hartley [1] 
and Robinson and Mills [2] appeared in 1931. 

Moreover, until this time, the most promising 
method for the estimation of absorbed dyes was the 
titanium chloride reduction of Knecht and Hibbert 
[3]. This method was employed in a preliminary 
investigation of the conditions necessary to establish 
quantitative dyeing data by Boulton [4], but was 
found to be both tedious and clumsy. Meyer and 
Fikentscher [6] had, however, in 1926 reported that 
aqueous pyridine could strip acid dyes from wool. 
In the dyeing laboratories of Messrs. Courtaulds, 
where pyridine was in use as a restraining agent in 
viscose dyeing, following the work of Ratelade and 
Tschetvergov [5], it was ascertained that aqueous 
pyridine was capable of stripping direct dyes from 
cellulose quantitatively. 

These discoveries made possible the colorimetric 
estimation of absorbed dye, and such a procedure 
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was followed by Boulton, Delph, Fothergill, and 
Morton [7] in the research laboratories of Cour- 
taulds Limited, and also by Neale and his co-workers 
at the Manchester College of Technology, in a series 
of researches published over the years 1933-1940. 

The development of dyeing theory during this 
period is ably reviewed in Valko’s excellent book, 
“Kolloid-chemische grundlagen der Textilvered- 
lung,” which was published in 1937. 

As soon as a technique became available, rapid 
progress was made in quantitative observation of the 
process of dyeing of cellulose with direct dyes. It 
was observed that highly purified dyes were ab- 
sorbed very little by cellulose, if at all. With a 
standardized addition of common salt, however, it 
was possible to secure accurate and reproducible ab- 
sorption values. In order to arrive at any clear 
conclusions concerning the nature of the dyeing 
process, it was then necessary to isolate the many 
variables and to study their effects one at a time. 
The first was the time factor; in a series of absorp- 
tion measurements carried out with sheet cellulose 
immersed in stirred dyebaths, it was shown by Neale 
and Stringfellow [8] that the rate-determining step 
was the relatively slow process of diffusion of dye 
through water-swollen cellulose. The apparent dif- 
fusion coefficients were calculated from the shape of 
the adsorption-time curves and were found to be of 
the order 10° cm.?/min. ; that is to say, two or three 
orders of magnitude slower than free diffusion in 
water. They increased rapidly with temperature 
rise, corresponding to an activation energy for dif- 
fusion around 20 kcal./mole. 

The diffusion coefficients also increased rapidly 
with the salt concentration of the dyebath, being 
vanishingly small at zero salt concentration. 

No quantitative explanation of this has yet been 
put forward, but it is easy to see a possible ex- 
planation in the effect of salt in lowering electrical 
potential barriers. In the case of negatively charged 
ion-selective membranes such as the glass electrode, 
for example, or the nitrocellulose membranes of 
Gregor and Sollner [9], the selectivity constant is a 
maximum at low salt concentrations, where the elec- 
trical sieve barrier effects are also a maximum. 

However, it was established that the dyeing proc- 
ess eventually reaches a state of reversible equilibrium 
more or less quickly’ according to the temperature, 
salt concentration, etc. 

Boulton and Reading [10] and also Lemin, Vick- 
ers, and Vickerstaff [11] produced tabulations of 
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direct dyes according to their time of half-dyeing on 
viscose yarn, and Neale [12] put forward a similar 
classification based upon apparent diffusion coef- 
ficients in cellulose sheet. 

Although these classifications have proved useful 
in dyehouse practice, no satisfactory correlation of 
dyeing properties with the chemical structures of the 
dyes has yet been established, even on an empirical 
basis, although such a step would clearly be of im- 
mense value in the prediction and specification of 
new colors. Knowledge of the diffusion process for 
dyes in cellulose is, in fact, descriptive and empirical 
rather than fundamental. The present position has 
been analyzed by Crank [13] and Atherton and 
Peters [14]. The application of classical physico- 
chemical principles to the elucidation of the fiber— 
dyebath equilibrium, has, on the other hand, been 
rewarded with more success, and is described in de- 
tail in Vickerstaff’s treatise “The Physical Chemistry 
of Dyeing” [15]. 

Using the techniques already described, Neale and 
his co-workers undertook a systematic quantitative 
study of the absorption of dyes by cellulose during 
the 1930’s. It was found that the variation of equi- 
librium absorption with dye concentration and with 
concentration of added salt, in the case of Sky Blue 
FF (C.I. Direct Blue 1), could be explained upon 
the following basis: 

1. The dye is regarded as a strong electrolyte, 
free from aggregation around 90° C. 

2. The affinity of the sodium ion for cellulose is 
negligible. 

3. The color ion, which in this case carries four 
units of negative electric charge, is attached to the 
cellulose by specific short range forces. 

4. The cellulose together with its imbibed water is 
regarded as an equipotential bulk phase, whose ef- 
fective solvent volume is taken as that of the imbibed 
water. The external dyebath represents the second 
bulk phase, again regarded as equipotential. 

5. The distribution of ions between the two phases, 
whose electrical potentials are not the same, is 
governed by the Donnan principle. 

6. The concentration of “adsorbed” color ions is 
proportional to their free concentration in the first 
phase. 

Hanson, Neale, and Stringfellow [16] showed that 
calculations on this basis led to a very good agree- 
ment between observed and calculated values for 
Sky Blue FF adsorption on cotton at 90° C., as- 
suming an empirical value of 3360 for the adsorption 
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constant. (This would correspond to an affinity 
value Au® of 5.9 kcal.) 

The agreement was maintained over a wide range 
of concentrations of dye and of added sodium chlo- 
ride. 

With cellulose which contained carboxylic acid 
groups resulting from oxidation, the dye adsorption 
was reduced, especially at low concentrations of 
added salt. This effect could be qualitatively ex- 
plained as arising from partial dissociation of the 
—COOH groups with enhancement of the negative 
charge on the cellulose. Neale and Saha [17] have 
recently published measurements of the Donnan po- 
tentials of dyed and undyed cellulose sheet which 
confirm this mechanism, but agreement with theory 
is qualitative rather than exact. 

A similar situation arose in the quantitative study 
of the absorption of Benzopurpurin 4B (C.I. Direct 
Red 2) by unmodified cotton cellulose [18]. Quan- 
titative agreement with the theory could be obtained 
only by ascribing an arbitrary water imbibition of 
zero, in place of the 0.22 g./g. assumed in the case 
of Sky Blue FF on the same substrate. 

Parallel with these developments, a paper was 
published by Gilbert and Rideal [19] dealing with 
the adsorption of hydrochloric acid and of acid dyes 
by wool. In their model the adsorption occurred on 
an equipotential surface, for which some ions had 
specific affinity whereas others had none. The 
thermodynamic notation of Willard Gibbs was em- 
ployed. This undoubtedly was a step forward, and 
has been adopted in later work by Vickerstaff, Peters, 
and others. There is, however, a division of opinion 
as to the relative merits of the earlier theory based 
upon a model of two equipotential bulk phases (Don- 
nan system) and this later assumption of an equipo- 
tential surface phase. 

This matter has been discussed in detail by Vicker- 
staff [15]. The Donnan theory has the advantage 
in that concentration terms in the two phases can 
be expressed in units (e.g., molality) of the same 
dimensions, and the potential measurements of Neale 
and Saha are at least in qualitative agreement with it. 

Very serious approximations are, however, in- 
volved in the calculation of dye affinity values from 
either theory. One of these lies in uncertainty as 
to the activity coefficients of the ions involved. 
These uncertainties must be resolved by further ex- 
perimental work. 

Although it may be permissible to neglect activity 
coefficients for the simple ions such as Na* and Cr, 


1043 


this is by no means the case for large polyvalent ions 
such as that of Sky Blue FF. Isopiestic measure- 
ments on this substance have shown that the mean 
ionic activity coefficient (f*) falls to 0.65 in 0.01 M 
solution [20], while complementary measurements 
of Na’ activity [21] indicate an anionic activity 
coefficient as low as 0.2 in 0.01 M solution. 

Moreover, the usual assumption that the counter- 
ions and the simple salts have no affinity for cellulose 
has been shown by Farrar and Neale [22], who 
analyzed the distribution alkali chlorides between 
cellulose and various solvents, to be quite incorrect 

Neale and Williamson [23] confirmed by means 
of specific volume and adsorption measurements that 
salt-cellulose interactions occur in the triangular 
system salt—cellulose—water. 

The kind of knowledge requisite for the analysis 
and understanding of such situations might well be 
approached by measurements of the free energy of 
transfer of simple electrolytes from water to water— 
alcohol mixtures. Data in this field are almost en- 
tirely lacking, but a start has been made on the 
activity of hydrochloric acid in mixed solvents 
(Feakins and French [24]). In an extension of 
this work, Feakins has devised an electrochemical 
“null method” which seems applicable to any elec- 
trolyte for which an electrode exists reversible to one 
ion alone [25]. This opens up the possibility of 
rapid progress in such measurements, and the col- 
lection of thermodynamic data for electrolytes in 
mixed solvents, on a much wider scale than has 
hitherto been possible. 

It is clear that a great deal of further experimental 
work is required before the theory of dyeing equi- 
libria can profitably be subjected to more intensive 
In the field of diffusion the 
problem is still more difficult; the work of the 
Courtaulds Maidenhead school has shown the exist- 


mathematical analysis. 


ence of complex phenomena in simple polymer-— 
solvent diffusion processes. 

Dyeing theory has, however, made some notable 
The 


effects of temperature variation and of salt addition 


advances during the last quarter of a century. 


have been elucidated and paradoxes have been re- 
solved. For instance, the existence of a positive salt 
effect in cellulose dyeing with anionic dyes, and a 
reverse effect with cationic dyes on cellulose and acid 
dyes on wool and silk, have been shown. Such 
phenomena have been explained, semi-quantitatively, 


by the application of classical thermodynamics. 
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Cotton Fiber Maturity Rapidly Predicted With Variable 
Volume of Sample in Micronaire 


Technological Laboratory 

Indian Central Cotton 
Committee 

Matunga 

Bombay 19, India 

August 27, 1958 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


In the December 1957 issue of the JouRNAL, 
Chapman and Staten [1] have indicated the pos- 
sibility of using the Micronaire instrument for meas- 
uring the fiber maturity of cotton. This is done by 
carrying out the test on the same sample as is used 
for the standard test after increasing its volume by 
lifting the compression plunger by $ in., using a half- 
inch spacer. They observed that a correlation coef- 
ficient as high as + 0.90 existed between the Caus- 
ticaire maturity value of a cotton and the differences 
between the Micronaire readings obtained with and 
without the spacer. This drew our attention, as we 
were engaged on a similar problem. 

In this connection, it may be pointed out that the 
standard caustic soda swelling method for the estima- 
tion of fiber maturity is well known to give an ac- 
curate value of this character. However, as it is time- 
consuming its use is limited. Hence attempts have 
been directed towards developing quicker methods, 


especially those which can be used simultaneously 
with the determination of fiber fineness, an im- 
portant fiber character. A lead in this direction was 
given by Hertel [2], who showed that instruments 
applicable for the measurement of fiber fineness, 
based on the principles underlying the flow of air 
through porous plugs of fibers, could be adopted for 
the measurement of fiber maturity as well. The 
Arealometer designed by him can be cited as an il- 
lustration of this trend of research. 

In this regard, a fair amount of success was ob- 
tained at the Technological Laboratory, Matunga, 
Bombay, with the modified Air Permeameter [4], 
as shown by our unpublished results. By use of the 
Air Permeameter, the apparent specific surface of a 
predetermined quantity of cotton measured 
under two fixed degrees of compression. The dif- 
ference between the two values obtained was found 
to be highly correlated with the fiber maturity of the 
cotton sample. 

Encouraged by the work of Chapman and Staten, 
we carried out similar tests with the Micronaire at 
this laboratory. It was observed that the half-inch 
spacer suggested by Chapman and Staten was not 
quite suitable for Indian cottons, as quite a few of 
the coarser cottons registered, with the spacer, read- 
ings beyond the range of the Micronaire upland 
cotton curvilinear scale. However, trials showed 
that a 3-in. spacer would be quite suitable; accord- 
ingly, a %-in. spacer was designed and used for this 
purpose. 


was 
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Fig. 2. Herbaceum cottons. 


Further, in the present investigation, instead of 
the causticaire maturity index, the maturity coef- 
ficient, as defined by Iyengar and Ahmad [3], has 
been employed as the standard measure of maturity. 
This measure has the distinct advantage of being a 
unitary expression signifying the multiple character 
of fiber maturity, measured by the caustic soda 
method, usually represented by the percentage of 
mature, half-mature (thin-walled), and immature 
(dead) fibers. : 

Preliminary tests were carried out on a group of 
46 cottons covering a wide range of maturity. A 
highly significant correlation of + 0.80 was found to 
exist between the maturity coefficients of the cottons 
and the differences in the Micronaire values meas- 
ured with and without the 3-in. spacer. This correla- 
tion value is slightly lower than that obtained by 
Chapman and Staten. This is probably due to the 
fact that Chapman and Staten have used irrigated 
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southwestern cottons, which belong to only one 
botanical species, whereas the cottons used in the 
present experiments were drawn from different 
botanical species. To investigate this point further, 
these cottons were grouped specieswise and analyzed 
within species. In most of the cases, the number of 
cottons in each species was not sufficient to cover a 
wide range in maturity. However, in the case of 
cottons belonging to the herbaceum species a cor- 
relation as high as + 0.86 was observed, lending 
support to the above view. It is of further interest 
to note that the plots of maturity coefficient versus 
the difference in Micronaire values for different cot- 
tons within a species cluster closely along a line, 
while they scatter about considerably when the re- 
sults for cottons belonging to all the different species 
are pooled together (Figures 1 and 2). This indi- 
cates the possibility of certain other properties, char- 
acteristic of the species, affecting the values meas- 
ured with the Micronaire. A thorough and com- 
plete analysis of more composite data can lead to 
some definite conclusions in this regard. Further 
work is in progress regarding the study of the 
potentialities of the Micronaire instrument for de- 
termining cotton fiber maturity. 

In conclusion, it can be stated that this method 
shows sufficient promise of being useful for the de- 
termination of cotton fiber maturity. Besides, it has 
the great advantage that it could be determined 
easily, with little extra labor, along with the standard 
Micronaire test for fiber fineness. 
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Surface Resistivity of Cotton, Wool, and Nylon Fabrics at 
Different Temperatures and Relative Humidities 


Textile Section 

U. S. Department of Commerce 
National Bureau of Standards 
Washington 25, D. C. 

August 30, 1958 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


The development and dissipation of static elec- 
tricity in textiles presents critical problems in proc- 
essing fibers and also in using garment assemblies 
of dissimilar fibers, especially at extreme tempera- 
tures and relative humidities. This general sub- 
ject has received considerable attention in recent 
years [1] and was the theme of the British Textile 
Institute Overseas Conference in 1956 at Zurich 
[2]. A primary factor of the electrostatic behavior 
of a textile material is its surface resistivity. 

In a recent research project at the National Bureau 
of Standards, special equipment was constructed for 
measuring the resistivity of fabric specimens while 
they are in equilibrium with an atmosphere that can 
be maintained at temperatures from —50° C. to 
+50° C. and at relative humidities from 4% to 98%. 
The electrometer, situated outside the test chamber, 





TABLE I. Surface Resistivities of Fabrics, Ohms/Square 


Temper- Relative 
ature, humidity, Cotton Wool Nylon 
= 


C 6 oz. oxford 16 0z. serge 4 oz. oxford 





50 2x10" 

70 1x10" 
4 3x10" 
4 >2x«10" 


2X10" 
3X10" 
5x10" 
>2x10" 


2x10" 
9x 10 
5x10" 
>2x 10" 


and the test specimen, inside the test chamber, are 
connected in series with a direct current potential of 
200 volts. As many as 48 different specimens can 
be mounted in the test chamber at one time and 
tested under the same atmospheric conditions. The 
highest surface resistivity which can be detected is 
2 x 10"* ohms/unit square. This value is much 
higher than the resistivities reported in the literature 
for textile fabrics. 

The resistivities of cotton, wool, and nylon fabrics 
are given in Table I for four different conditions: 
23° C. and 50% RH, 0° C. and 70% RH, 0° C. and 
4% RH, and —20° C. and 4% RH. It is of special 
interest to note the great increase in resistivity at 
0° C. when the relative humidity in decreased from 
70% to 4%, and that at —20° C. and 4% RH the 
resistivities of these three fabrics all exceed 2 x 10** 
ohms/square. This means that for this low tem- 
perature and relative humidity these cotton, wool, 
and nylon fabrics would tend to retain extremely 
high Antistatic finishes effective 
under these conditions must be applied to them if 
the potential hazards of high static charges are to be 
reduced in some uses of these fabrics. 


static charges. 


The resis- 
tivities for the usual atmospheric conditions of 23° C. 
and 50% RH are included for comparison with those 
at the extreme conditions. 
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The Effect of Mercerization on Cotton’s Resistance 
to Microorganisms 


Institut Textile de France 
59 Rue de la Faisanderie 
Paris XVI, France 

July 25, 1958 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


Goldthwait and Robinson [TEXTILE RESEARCH 
JourNAL 28, 120 (1958)] have shown recently that 
improved light and weather resistance resulted from 
mercerization of cotton. Similar improvement had 
already been described for heat, oxidation, and hy- 
drolysis by chemical agents, but there is no reference 
to attack by microorganisms. Mercerized cotton re- 
sists soil burial better than unmercerized cotton. The 
improvement is very small, but real. However, mer- 
cerization cannot, in any case, be compared to any 
well-known rotproofing treatment. 

Mercerized cotton was prepared in the laboratory 
with 10-18% caustic soda solutions at room tempera- 
ture without tension; the fabric was washed with 
distilled water, neutralized with acetic acid, and 
again washed thoroughly with distilled water. Burial 
tests were performed simultaneously on mercerized 
and unmercerized cotton at 35° C. and 100% RH in 
an electrically heated thermostat. Samples were 
tested after 1, 2, 3, . . . days for bursting strength 
on the wet and dry fabric. 

It is difficult to quote actual figures, the results 
being very dispersed because degradation proceeds 
very rapidly. Cotton fabric used for these experi- 
ments had a dry resistance of 21 kg./cm.’ before 


burial. After one or two days, it had fallen to 0-2 
kg./em.2, Mercerized cotton had an original dry 
bursting strength of 25 kg./cm.* After two days, it 
was 15-25 kg./cm.*, and it took 4-6 days to fall to 
0-2 kg./cm.*? This two- to threefold improvement is 
quite large and significant when these results alone 
are compared, but very small compared to any good 
rotproofing treatment, which can resist these burial 
conditions at least 30-40 days. 

Soil degradation activity was checked by changing 
untreated cotton and mercerized cotton every time it 
was degraded while the test proceeded. Untreated 
cotton was changed 2-4 times before the sample of 
mercerized cotton was degraded, and 20-30 times 
before a good rotproofed fabric became useless. 
Mercerized cotton was changed only 6-8 times dur- 
ing this period. 

This difference in behavior cannot be ascribed to 
traces of caustic soda or acetic acid, as cotton boiled 
with 2% caustic soda or treated with 5% acetic acid 
and tested as above behaved like untreated cotton. 

If mercerized and unmercerized cotton are washed 
with detergents or treated with hypochlorite prior 
to soil burial tests, the mercerized cotton holds up 
still longer than unmercerized cotton. 

We cannot give any reasons for this difference in 
behavior. Although this phenomenon seems to have 
no commercial importance, it is, however, worth 
mentioning as a scientific contribution. It may be 
related to the fact that certain rotproofing treatments 
applied to mercerized cotton are more efficient than 
when applied to unmercerized fabrics. This can be 
the result of the phenomenon just mentioned and 
not due only to better penetration of the reactants. 


J. Cyror 





DeEcEMBER 1958 


Staining Technique Utilizes Two-Dye Solution 


Johnson & Johnson 
Permacel Division 
New Brunswick, N. J. 
August 26, 1958 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


A staining technique has been developed and em- 
ployed in the laboratories of Permacel that is be- 
lieved to be unique. Although the application is to 
pressure-sensitive tape in which different materials 
are present as layers through the thickness of the 
tape, it is believed it will be found useful by others 
in the paper and textile fields. 

The method consists of a combination of two dyes 
in which the dye solutions act as the mounting 
medium for the specimen so that staining and mount- 
ing are reduced to one step. The same two dyes are 
always used regardless of the nature of the specimen 
and consist of a water solution of methylene blue 
and an alcohol solution of Sudan III. Other mate- 
rials are added, as shown in Table I, to give the slide 
permanence. 

For cross-sectioning, the writer usually uses a 
Hardy microtome and anchors the section to the 
slide with egg albumin. A drop of the Sudan III 
solution is then applied to the section followed by a 
drop of methylene blue. A cover glass is then placed 
on the drops of dye and pressed down so that excess 
dye is exuded around the edge of the cover glass. 
The excess dye, when dried, forms a protective film 
around the edge of the cover glass, a.id this gives 
the slide its permanence. It is not necessary, how- 
ever, to wait till the dye dries to view the sample. 
It may be viewed immediately, and in most cases 
one can immediately distinguish among the various 
materials in the sample. 

Figure 1, which will illustrate the utility of this 
technique, shows a cross section of a typical example 
of a tape commonly used in industry. Although this 
is shown in black and white, the shading and the 
numbers referred to will serve to identify the com- 
ponents of the tape and the color differences referred 
to below. This tape consists of a backing of cellulose 


acetate to which is laminated a sheet of impregnated 
rope paper upon which the pressure sensitive ad- 
hesive is coated. At the top of the picture (No. 2 in 
Figure 1) is the sheet of cellulose acetate, which 
stains green due to its mixed hydrophilic-hydro- 
phobic nature. Under this is a mottled layer (Nos. 
5 and 6), which is the laminating adhesive and con- 
sists of a mixture of polyisobutylene ( Vistanex) and 
butadiene-styrene (GRS) rubbers. The third layer 





TABLE I. Composition of Dye Solutions 
Sudan IIT Methylene Blue 


Step 1 Methylene blue 0.14 ¢g. 
Saturate three parts of 
alcohol and one part of 


water with Sudan III 


Glycerine 7.0 g. 


Step 2 Dow Methocel, 15 cps 15.0 g. 


Add one part of glycerine (6.7% in H.O) 
to two parts of the 
above solution 


Water 7.0 g. 


Fig. 1. Cross section of ace‘:te fiber tape showing stain- 
ing of various ingredients. (1) Rope paper fibers—deep 
blue, (2) Cellulose acetate backing—green, (3) Hycar-GRS 
impregnant—orange, (4—area along bottom edge of photo) 
Filled crude rubber adhesive—greenish-yellow, (5) GRS 
component of Vistanex-GRS laminating adhesive—orange, 
and (6) Vistanex component of Vistanex-GRS laminating 
adhesive—pale pink. 





TABLE II 
Colors of Hydrophilic Materials 


Material Color 








Cellophane 
Cotton 
Paper fibers 


Bright blue 

Blue 

Very light to very deep 
blue depending upon 
type of fiber and 
degree of hydration 

Blue-green with lighter 
blue skin 


Colors of Hydrophobic Materials 


Material 


Rayon (viscose) 


Color 





Acrylate polymers 
Butadiene-acrylonitrile copolymers 
Butadiene-styrene copolymers 
Ethyl cellulose Dull red orange 
Natural rubber, unfilled Orange-yellow 
Natural rubber, with hydrophilic filler Greenish-yellow 
Polyamide resins Orange-yellow 
Polyethylene Pale yellow 
Polyisobutylene (Vistanex) Pale pink 

Vinyl chloride polymers Pale pink 

Vinyl pyridine copolymers (Gentac) Orange 


Colors of Mixed Hydrophilic-Hydrophobic Materials 


Material 


Orange 
Orange to brownish-red 
Orange to brownish-red 


Color 





Green 

Colorless to light green 
Colorless to olive green 
Greenish-orange 


Cellulose acetate 
Nitrocellulose, unplasticized 
Nitrocellulose, plasticized 
Any hydrophobic polymer with 
hydrophilic groups in 
the structure or with 
hydrophilic additives 


Materials Unaffected by Either Dye 


Dacron 
Mylar 
Nylon 


is the rope paper, with its bright blue fibers (No. 1) 
impregnated with an orange-stained butadiene-sty- 
rene and butadiene-acrylonitrile (Hycar) mixture 


(No. 3). Finally, the bottom yellow layer (No. 4) 
is the pressure-sensitive adhesive, which is essentially 
a mixture of natural rubber, a resin, and a filler. 
The slight greenish tinge is due to the hydrophilic 
nature of the filler. All the layers are easily dis- 
tinguishable by their color. The problem we were 
trying to solve here was why this particular tape 
showed a lack of transparency. This illustration 
reveals at least part of the answer in that it shows 
the Vistanex-GRS laminating adhesive to be an in- 
compatible mixture. The orange areas of this layer 
are small particles of GRS dispersed in a pale pink 
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matrix of Vistanex. When seen with the naked 
eye, the effect of this incompatibility is, of course, a 
cloudy rather than a transparent film. On the other 
hand, the impregnant is a compatible mixture of 
Hycar and GRS and hence stains a uniform orange 
color. 

Since all materials have a characteristic affinity or 
lack of affinity for each dye, each takes on its own 
characteristic color when subjected to the two dyes. 
In general, hydrophilic materials show affinity for 
methylene blue and hydrophobic materials attract 
the Sudan III. 

With most materials the color develops immedi- 
ately, but usually intensifies somewhat after the 
slide stands for some time. However, a few mate- 
rials do not develop any color until the slide has 
aged two hours or more. It is best, therefore, if the 
staining technique is being used to help identify the 
chemical structure of a material, to re-examine the 
slide after aging overnight to be certain there have 
been no color changes. 

As is the case with any process, this technique 
also has its limitations. The color which any given 
material displays may be influenced by the thickness 
of the section and the presence of compounding in- 
gredients. This fact limits the utility of the tech- 
nique as an analytical tool. However, the technique 
is frequently of help in confirming the results of 
other types of analysis. The other limitation is the 
effect of the dye solutions on water-soluble or water- 
sensitive materials. Cellulose, for instance, will be 
swollen as much as 20% by the dyes, and this fact 
must be taken into account in interpreting the picture 
one sees. If seeing each material in its true propor- 
tion is important, it is possible to wash off the dyes 
and view the specimen dry. Most of the color will 
remain, but the image will not be as good optically. 
The technique, of course, cannot be used at all on 
water-soluble materials. 

Table II gives a rough indication of the colors 
that may be expected from various types of materials. 
This table is obviously not intended to be an all-in- 
clusive list, but rather includes only those materials 
which the writer has encountered in his work. In 
using this table one should remember that these 
colors may vary to some extent depending upon the 
thickness of the sample and the presence of com- 
pounding ingredients. 

It should be emphasized that materials that have 
the same color as nearly as one can describe it for 
a table will often be sufficiently different in color to 
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be easily differentiated when the materials are seen 
side by side. 

To summarize, we have developed a fast and sim- 
ple method for staining and permanently mounting 
cross sections in which the same two dyes are always 
used and in which the dye solutions act as the mount- 


ing medium. The method is primarily useful for 
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determining the location of known materials in the 
section but may also be used to help identify un- 
known components. Its usefulness is limited only 
by the effect of section thickness and compounding 
ingredients on the colors and by the effect of the dye 
solutions on water-sensitive materials. 


RicHarp M. SMITH 


Book Reviews 


Die Physik der Hochpolymeren. Vierter Band. 
Theorie und Molekulare Deutung Technolo- 
gischer Eigenschaften von Hochpolymeren Work- 
stoffen. Herausgegeben von H. A. Stuart. (The 
Physics of High Polymers. Volume IV. Theory 
and Molecular Interpretation of the Technologi- 
cal Properties of High-Polymeric Materials. H. 
A. Stuart, Ed.) Berlin, Gottingen, and Heidelberg, 
Germany, Springer-Verlag Ohg., 1956. xx + 667 
pages. Price $21.36. 


Reviewed by Joseph H. Dusenbury, Textile 
Research Institute, Princeton, New Jersey 


This volume is the fourth and last to appear in 
this series on the physics of high polymers, under 
the editorship of Professor Stuart. The first three 
volumes—The Structure of the Free Molecule,” 
“The Macromolecule in Solutions,’ and “Stakes of 
Order and Conversion Phenomena in Solid High- 
Polymeric Materials”—were 1952, 
1953, and 1955, respectively. The reviewer is not 
familiar with these previous three volumes, but he 
can say that the present one is outstanding in every 
way, and he intends to have a look at the others as 
soon as possible. 

The ten chapters of the book are preceded by a 
list of frequently used symbols and are followed by 
adequate author and subject indices. Four of the 
chapters are written in English; the remainder are 
in German. This sort of arrangement appears in 
some instances to have been used to facilitate the 
authors’ expressing their views in their “best” lan- 
guage, which would seem to be a most sensible 
practice. 

The first two chapters (in English) by A. J. 
Staverman and F. Schwarzl discuss the linear and 


published in 


nonlinear deformation behavior of high polymers. 
These same authors demonstrate their lingual ver- 
satility by writing the third chapter in German, in 
which the breaking stress and strength of high poly- 
mers are discussed. In the fourth chapter, by W. 
Meskat, O. Rosenberg, F. Schwarzl, and A. J. 
Staverman, a critical survey is given of various 
testing methods used in industrial research. This 
chapter, as well as the following three, are apt to be 
of particular interest to researchers in the fiber 
field. These next three chapters are all concerned 
with the relationships that have been found to exist 
between molecular structure and mechanical prop- 
erties, and all three are extremely well written. The 
fifth chapter (i: English), by L. R. G. Treloar, is 
concerned with rubberlike materials; the sixth chap- 
ter (in English), by John D. Ferry, is concerned 
with plastics; and the seventh chapter, by W. Kast, 
W. Meskat, O. Rosenberg, and A. K. van der Vegt, 
is concerned with fibers. Fiber researchers will 
probably also be interested in the eighth chapter, 
by F. Wuarstlein and H. Thurn, in which the rela- 
tionships between molecular structure and the elec- 
trical properties of high polymers are discussed. In 
the ninth chapter, Ernst Jenckel writes about the ac- 
tion of plasticizers, with emphasis on how these ma- 
terials interact with the network of polymer chains 
to produce the effects observed. In the tenth and 
final chapter, H. Mark and H. A. Stuart present a 
kind of fina’ summary of the relationships between 
molecular scructure and properties 
(e.g., mechanical properties, morphology, second- 
order transitions) that have been found to exist for 
fibers and rubberlike materials. 

Altogether, this volume contains 367 figures, and 
all of them, as well as the tables, indicate careful se- 


macroscopic 
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lection. The quality of the printing and binding is 
high and contributes to the attractive format of the 
volume. Professor Stuart and his colleagues are to 
be congratulated for this splendid book. 


The Carbohydrates, Chemistry, Biochemistry, 
Physiology. Ward Pigman, Ed. New York, Aca- 
demic Press, 1957. xvii+902 pages. Price 
$20.00. 


Reviewed by Eugene Pacsu, Princeton 
University, Princeton, N. J. 


This impressive work is the result of an extensive 
revision and expansion in scope of the earlier 
“Chemistry of the Carbohydrates” (W. W. Pigman 
and R. M. Goepp, Jr., New York, Academic Press, 
1948). 

With the aid of some twenty contributors Pro- 
fessor Pigman, editor and original author of most 
of the chapters now appearing under new names, 
presents a restricted account of the vast number of 
publications in carbohydrate chemistry, biochem- 
istry, physiology, and various other related subjects. 
Some 2000 individual articles through 1956 repre- 


senting a considerable selection of material are given 
as references. 

As is the case in many other similar works of this 
type of joint authorships, some overlapping of ma- 


terial, some overemphasis of one’s own contribu- 
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tions, and some curious omissions seem to be in- 
evitable. This reader was surprised to find no 
mention made of, or reference given to, the methods 
of deacetylation of the o-acetyl derivatives of the 
carbohydrates and glycosides. Also, in several chap- 
ters the fundamental importance of the work of 
world-famed German scientists appears to be out of 
focus when the number of references to their con- 
tributions is compared to that of the respective 
authors’ own publications. 

In spite of such handicaps, the book is useful as 
a source of information furnishing the reader who 
is interested in the full picture of a given topic with 
leading references. 

The book consists of fourteen chapters ; two new, one 
cover photosynthesis and metabolism and nutritional 
aspects of carbohydrates. The chapter dealing with 
the polysaccharides is a condensed version of the 
earlier sections on cellulose and the starches, but is 
greatly enlarged with respect to phyto and microbial 
polysaccharides as well as animal polysaccharides 
and glycoproteins. Because of this condensation, 
the older edition remains useful and should be con- 
sulted with the present book. 

By extension in scope, the book is likely to gain 
new users from related fields, but its high price, 
almost double that of its predecessor, makes it hard 
for the average student of classical carbohydrate 
chemistry to acquire a copy for his personal library. 

The technical features 
and reflect the customary high standard of the pub- 


.* the book are pleasing 


lishers. 
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TARZI, Clement (Charles). On the Physical Properties of Rayon 
and Nylon 66 Tire Cords at Elevated Temperature. . . 

TESI, oy — Stoll). Predicting Commercial Acceptance 

a Fiber. . 

TESZLER, Otto (Kiser, "Campbell, Rutherford). The Effect 
of Nuclear Radiation on Fibrous Materials. Part III: Rela- 
tive Order of Stability of Cellulose Fibers . . ae 

(Rutherford). Activation Analysis of Fibrous Materials—L . 
(Wiehart, Rutherford). The Effect of Nuclear Radiation on 
Fibrous Materials. Part J]: Dyeing Characteristics of Irradi- 

ated Cotton and Rayon. . R 
a wenle: W. J. Estimation of Cortical Components it in Various 


TIMELL, E. ‘ie Note on the Molecular Weight of Two "Seed 
Hair Ss m 

TOMASZEWSKI, Josephine J. (Nickerson). Color Change in 
Raw Cotton Related to Conditions of Storage . . 

(Nickerson). Sugar, pH, and Strength Changes in Cotton 

During Storage—L 

TRIPP, Verne W. (Moore, Porter, Rollins). The Surface ‘of 
Cotton Fibers. Part 11: Distribution of Dry Soil 
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(Orr, Ziifle, Conrad). Some Relationships Between Super- 
molecular Structure and Mechanical Behavior of Native and 
Chemically Modified Cotton Cellulose. 
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Symposium * ‘Dyeing Behavior of Cellulose and Cellulose De- 
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sorptive Behavior of Bulk Fiber Systems bia Ac cee arg 


WAKEHAM, Helmut (Gottlieb, Virgin). Compressional and 
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(Steward). Punched-Card Methods for Studying ‘Fiber-Yarn 
Relationsh: 
WAKELIN, ag fh Or ae Effects of Crimp ‘and Cross- 
prt Area on the Mechanical Properties of Wool Fibers . 
(Levy, Kauzmann, Dillon). Relation of Charge to Frictional 
Work in the Static Electrification of Filaments. . 
(Whitwell). Moments of Distributions and Their Interrelation 
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WHITWELL, J. (Cram). Comparison of Methods for Deter- 
' mining hace Viscosities from Non-Newtonian Viscosities . 
(Wakelin). Moments of Distributions and Their Interrelation 
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SUBJECT INDEX 


ABSORBENCY OF TERRY TOWELS— effect of home laundering 

ACETAL CELL ULOSE RE ia 6 Siete 
ACTANTS (/ 

ACETATE FID c ( rvine, ” Kress) 


<vetea — sine nonionic <a factors meet dgocegn: 


Salvi 
ACETATE YARNS, LOFTED 
in carpets (Semmier, Forrester, Faw) . 
recent advances in the use of for apparel 3 and home © furnishing 
fabrics (Semmler, Forrester, Faw) R 
ACETYLATION 
fibrous, of cotton yarn, some practical aspects (Bryant) . 
topochemical mechanisms involved in the preparation and de- 
postyiation of (Bailey, Honold, Skau) q ‘ 
ACTIVATION analysis of fibrous materials (Tessler, " Rutherford) 
AIR PERMEABILITY 
of felt and feltlike structures, factors are cad (Davis) 
Correction. . a . 
AMIDE CROSS-LINKS 
attempts to introduce into wool (Maclaren). . 
AMINO ACID COMPOSITION of fractionated cortical cells from 
wool (Simmonds, Bartulovich) . 
ANALYTICAL PROCEDURES 
for blend determination—wool (Coplan) . 
fumaric acid in raw cotton fibers, the identification and isolation 
of (Gregory, Merola)—L . 
polarographic estimation of sulfhy dryl “and ‘disulfide | groups in 
wool (Human) . 
spot tests in the examination of sy nthetic fibers ‘(Feigl, ” Gentil, 
Jungreis) : 
sulfur content of wool, a method for determining (Glynn) 
ANTHRAQUINONE, 2,6-DISULFONIC ACID 
phototenderization of cotton duck with before and after weather- 
ing (Baskin, Kaplan) . ae é pt eS 
ANTISTATIC FINISHES, evaluating (Steiger) 
APPARATUS (See also Vibroscope, etc.) 
electronic oy > peace dynamometric apupeaiiees 
of (Grignet, Monfort) 


BACTERIOLOGICAL STUDIES 
myrothecium on field cotton (Heym)—-L . 
or eo a 
of wool, evaluation of formaldehyde pretreatment for (Moore, 
O'Connell) . . ag S oe wee wes % 
BLEACH SOLUTIONS 
by a xide, nonsilicate stabilization of (Cates, Cranor) . 
BL a RMINATION IN WOOL, some analytical methods 
or (Coplan) 4 oe eas 
M FRONT ROLL RUN-OUT in spinning, its effect on 
uality and processing performance (Bragg) . . 
BULK *PIBER S STEMS, compressional and cere behavior 
of (Guttlieh, Wakeham, Virgin) . . . 


CARBONIZING INVESTIGATIONS 
effect of water content on the action of sulfuric acid on wool; the 
significance of tests for damage (Crewther, Pressley) . . 
surface active agents added to wool; industrial carbonizing trials 
to assess the protection of wool (< vewther, Pressley) . ‘ 
CARBOXY METHYLATION, PARTIAL 
effects of on physical a of cotton (Grant, Mc Donald, 
Humphreys) te a eR he a ee ee 
CARDING 
machine, investigation of air pressure in (Miller, Brown, Rusca) . 
without flats—a report on the SRRL card (Rusca, Miller, Brown) 
CELLULOSE 
ee as cotton cellulose cross-linkers (Hurwits, Colion) . 


relative order of stability to nuclear radiation (Tessier, Kiser, 
Campbell, Rutherford) . 
molecular weight of two seed hair celluloses (Timell) 
reactivity of (Urquhart) ts 
triacetate 
crystal structure of, factors influencing (Sprague, Riley, Noether) 
CHARGE TRANSFER upon contact between metals and insulators 
(Van Ostenburg, Montgomery) . 
seaaaags oo od OF VARIATION and standard deviation, a rapid 
roximation for (Burkhalter). . . . . . 
COMBI LAP PREPARATION 
effect of on cotton yarn quality (Cauble) 
COMBING, a study of (Brandt) . ; 
COMBING EFFICIENCY 
effect of half lap eee) | on (Sperling) . 
COMPUTER, IP-4 chart (Parker, Rice) . 
COTTON 
bacteriological studies 
myrothecium— its presence on field cotton (Heyn)—L . 
carboxymethylated, partially, effects on physical properties of 
(Grant, Mc Donald, Humphreys) . ‘ 
carding machine, inv ae of air pressures in ( Miller, ‘Brow mn, 
Rusca) . 
carding without flats—a report “on the SRRL card (Rusca, 


) 
chemicall modified, infrared absorption studies of (O'Connor, 
DuPré, McCall) . . “a 
iodine sorption values of (Bailey, ‘Honold, Skau) | . 
partially ly benzylated, the ewer wer jc astm of (Klein, 
Stanonis, Harbrink, Berni). . . 


chemical modification of: progress and current status of (Fisher, 
Perkerson). . 4 ; <* 
combing, a study of (Brandt) ° 
combing efficiency, the effect of ‘half lap needling o on (Sperling) 
cyanoethylation of in aqueous medium (Bikales, Rapoport) . 
dialdehydes as cotton cellulose cross-linkers (Hurwits, Colton) . 
field, occurrence of myrothecium on (Heyn) 
hydrogen peroxide bleach solutions, nonsilicate stabilization of 
(Cates, Cranor) . 
improved light and weather resistance resulting from mercer- 
ization (Goldthwaite, Robinson) . 
infrared a tion studies of chemically modified « cottons 
(O'Connor, Pré, McCall) ‘ . 
in high style ‘finishing (Heberlein, Weiss) 
irradiated, dyeing characteristics of (Tessier, Wiehart, " Rutherford) 
properties of purified cotton gamma irradiated in oxygen and 
nitrogen atmospheres (Blouin, Arthur) 
proposed mechanism of the effect of high energy gamma radia- 
tion on some of the molecular epepinne of purified cotton 
(Arthur) . 
manufacturing performance and the evaluation of fiber quality 
(Johnson) . . / 
mercerization of (See MERCERIZATION) 
modified (See also chemically modified) 
infrared spectroscopy applied to investigations of physical and 
crystalline modifications and oxidation (O'Connor, DuPré, 
Mitcham) 
oil and water repellent finishes for using fluorochemicals (Segal, 
Philips, Loeb, Clayton, Jr.). . . » 
partially acetylated 
topochemical mechanisms involved in the vtececnncaes and de- 
acetylation of (Batley, Honold, Skau) ’ , 
raw 
color change related to conditions of storage (Nickerson, 
Tomaszewski) . 
resin finishes, the ay lication of to garments using drycleaning 
plant equipment pplicatios Loibl, Wiebush) . 


resin-treated, the effect of silicone softeners on (Simpson) 
spinning tests for predicting yarn and fabric quality (Brasseur) 
spinning tests, smal! lot, predicting ends down from (Woo) . 
storage of 
color change related to conditions of storage of raw cotton 
(Nickerson, Tomaszewski) ; 
sugar, pH, and strength changes during (N ickerson, Tomassewski) 


tex-cotton count conversion scale (Louis)—L 
trash content of ginned cotton, an optical measurement of (Baker, 
Kirk, Gaffney) . . 
wrinkle resistant, durable c reasing of (Reid, Reinhardt, Kullman) 
COTTON CELLULOSE 
chemically modified 
supermolecular structure and mechanical pe, rela- 
tionships between (Tripp, Orr, Ziifle, Conrad) 
native 
supermolecular structure and mechanical behavior, 
tionships between (Tripp, Orr, Ziifle, Conrad) 
COTTON FABRIC 
quality, spinning tests for predicting (Brasseur) 
wake? ee of at different a and humidities 
COTTON FIBER 
maturity rapidly predicted with variable volume of ate in 
Micronaire (J yengar, Sundaram) ; ‘ 
——_ the evaluation of (Johnson) . 
pues and extensibility, transmission of (Rebenfeld) 
FIBER (RAW) 
"(aeotibention and isolation of furvaric acid in t (Gregory, Merola) 


COTTON FIBERS" 
changes in weight distribution of fiber lengths due to random 
fiber breakage (Byatt, Elting) . ; 
mechanical es of and their response to ‘ mercerization 
(Rebenfeli . wo 
mercerization, their response to (Rebenfeld) . 
staple length, a pneumatic method of measuring (Brown) . |: 
surface of, distribution of dry soil on (Tripp. Moore, Porter, 
Rollins) . . 
weathering, influence of, prior ‘to harvest on certain Properties 
of (Marsh, Merola, Butler, Simpson). : a 
COTTON RESEARCH, some aspects of (Buck, Jr.) 
COTTON YARN 
novel mercerizing technique to establish ‘‘true’ length of 
‘cotton yarn (Goldthwait, Murphy). . . aa a eon 
practical aspects of fibrous acetylation of (Bryant) 
quality, effect of comber lap preparation on (C ‘auble) . 
quality, spinning tests for predicting (Brasseur) . . 
softness, a method for measuring, and the effect of single and ply 
twist on the softness of 31/2 yarns (Skan, Honold, Boudreau) . 
anes - = OVERY and time, empirical relations of (Wilkinson, 


CREASE ‘SHARPNESS’ AND RETENTION 
Creasemeter—an apparatus for measuring (Wilkinson, Ireland) . 
CREASING 
of wrinkle resistant cotton (Reid, Reinhardt, Kullman) . 
CREASOMETER 
apparatus for measuring crease and nan pee and retention 
(Wilkinson, Ireland). as ‘ ‘ : 





1058 


CREEP FAILURE 
Nylon 66, effect of cemqeennaee on rate © (Coleman, Knox, 
cDevil) . .. 5. ope * 4 . 
Correction . 
CRYST nod STRUCT URE of cellulose triacetate, factors influencing 
(Sprague, Riley, Noether) 
CYANO HYLAT TION 
of cotton in aqueous medium (Bikales, Rapoport) 


DAVIDSON ee sara ent meine, an application of 
(Bryent)—L . oe) PL 7 ED ES al 
DENSIMETER 
for fibers, a submer, cantilever (deVries, Weijland)—L. . 
DETERGENCY PROCESS 
electrical forces affecting soil and substrate in the soengeey hana 
—zeta potential (Harris) 
DIALDEHYDES 
as cotton cellulose cross-linkers (Hurwits, Colton) . 
DIELDRIN 
mothproofing of wool with (Lipson, McPhee). . 
DISCOLORATION of raw cotton related to conditions of storage 
(Nickerson, Tomaszewski) . i 
DISULFIDE EXCHANGE 
and urea-bisulfite solubility in wool, relation between (Kessler, 
Zahn) —L 
bilateral structure and the “swelling: of mild. _ pretreated wools 
(Satlow, Kessler)— a 
DRYING BEHAVIOR 
of fabrics (Steele) 
effects of capillary size distribution on (Steele) . 


Correction. . . 
DURABLE CREASING 
of wool, the fate of — collic acid in fabric treated with dag col- 
late (Springell) ; 6 ee Ss 
DYEING 
acetate fibers with sanepueartio nonionic hasten wee semsiiaes 
(Salvin, Fortess) A : 
cellulose 
or, = derivatives, introductory remarks to sy re on 
(Valko) . ‘ Pe ee 
theory and the dyer (Boulton) ae 
characteristics of irradiated cottons and ray ons (T essler, Ww iehart, 
Rutherford) ; 
Davidson color matching method, an. application of (Bryant)— sy 
package, a laboratory study of (Allen, ‘Woerner, oe 
theory: retrospect and prospect (Neale) . a Ee ; 
woo! 
fiber damage in the stock dyeing of (Gullbrandson) 
DYES 
disperse nonionic, factors influencing dyeing acetate fibers with 
(Fortess, Saivin) . 
DYNAMOMETRIC APPLICATIONS ‘of an electronic _integrator- 
differentiator (Grignet, Monfort) . . ‘ 


ELECTRICAL PROPERTIES 
antistatic finishes, evaluating (Steiger) . . 
relation of charge to frictional work in the static "electrification of 
filaments (Levy, Wakelin, Kausmann, Dillo: ‘ 
static electrification of filaments, a aay ‘of (Montgomery, 
Cunningham) ¢ 
surface resistivity of cotton, wool, ‘and | ny vion fabrics at different 
temperatures and relative humidities (Walker)—L 
zeta potential 
electrical forces pacing soil and a in the ey: 
process (Harris) rey a,” mi 
ENDS DOWN 
predicting from small lot spinning tests (Woo) 


FABRICS 
capillary size distribution, its effects on drying behavior (Steele) 
orrection. . rife c 
drying behavior (Sleele) pi 
drying behavior, effects of capillary size distribution of ‘(Steele) 
Correction . - 
load-extension tester, two-dimensional, for (Checkland, ‘Bull, 
Bakker) . . 
tearing strength of, ‘comparison of three methods for the deter- 
mination of (Turl) . . 
Verel fiber, identification and determination of in (C ‘ouver, + Lyon, 
| 2 GR ar ae 
FADING 
of dyed fabrics 
ultraviolet absorbers (Coleman, Peacock) . 
FATIGUE FAILURE 
in textile materials, the theory of (Lyons) . 
FELT 
and feltlike structures 
air permeability, factors influencing ( Davis) 
Correction. . 
potential substitutes for rabbit fur in hat felts (Fraser. Pressley) 
FIBER 
breakage, changes in weight distribution of fiber a of 
cotton due to random (Byatt, Elting) ee 
damage in the stock dyeing of wool (Gulibrandson) 
diameter, some historical evidence relative to the assessment of 
wool (Bryant) ork ‘ i % js 
processing 
symbols, the use of to describe (Schwarz) . 
thickness, Micronaire reading as a close approximation of (Hertel) 
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FIBERS 
peed also Cellulose, Cotton, Nylon, Wool, etc. 
an 
chemical composition of as compared with Merino wools of dif- 
fering crimp (Simmonds) 
» poate substitutes for rabbit fur in hat felts (Fraser, Pressley) 
eratin 
variability of set in (Mitchell, Feughelman) . . 
Poisson's ratio of, a method of measuring (Frank, Ruoff) . 
predicting commercial acceptance of (Barach, Stoll, Tesi) 
reaction spinning of (Pohl) . : 
a submerged cantilever densimeter for (deVries, ‘Weijland) L 
tensile strength tester for single fibers (Crane, Wharf) FER 
tensile costing (igs speed) of (Bullou, Roetling) . 
FIBERS, MAN- 
application of spot tests in the examination of (Feigl, Gentil, 
fs 4 EP . ott weet . 
ni t ( der > 
FIBERS SYNTHETIC (See also alone. Man-Made) 
aoe | advances in the uses of (Swanson) . ; ‘ 
FIBER-YARN RELATIONSHIPS 
unched-card methods for studying (Wakeham, Steward) ; 
FI woe manual, sa canmiraan on the servo conversion of 


Tallant 
FIBROGRAPH TESTS 
use of dial gau: in calculating the results of (Rouse) . 
FIBROUS MATERIALS 
Ue hte analysis of (Tessier, Rutherford) . 
L 
load-extension tester, two-emmelonal, for (Checkland, Bull, 
Bakker) . Sn ire ; , 
FINISHING 
evaluatin seieoeete finishes (Steiger) 
FLUOROCHEMIC 
oil and water on finishes for cotton using & (Segal, oni, 
Loeb, Clayton, Jr.) ‘ 
FORMALDEHYDE 
reaction of with wool and its effect on ares oa insects 
McPhee) . . . : : ° 5 
FRICTION, surface 
of ns, a plowing theory of (Kaliski) . 
FUMARIC ACID 
in raw cotton am | identification and isolation of (Gregory. 
Merola)—L ite ain : a 
FUNGICIDES 
phenolic, the identification and estimation of in mildewproof 
materials (Hilion) EE RS a, ee ae 


GAMMA RADIATION, See RADIATION 


HALF LAP NEEDLING 
effect on cotton combing efficiency (Sperling) 
HYDROCHLORIC ACID 


etiect on physical properties of nylon (Larose) 


IMPACT RESISTANCE 
microscopical studies of a multilayer nylon body armor pont 
after impact (Susich, Dogliotti, Wrigley) . 
INFRARED SPECTROSCOPY 
application of to investigations of cotton and modified cottons 
physical and crystalline modifications and oxidation (O'Connor, 
DuPré, Mitcham) . oak eth ele wicks wl eeve 
chemical modifications of cotton, investigation of (O'Connor, 
DuPré, McCall) er She tite te al RC. Bee oe 
INSECTS 
wool, di ion of by insects-—the effect of formaldehyde (McPhee) 
INTEGRA igen of anche le electronic, dynamometric 
applications of (Grignet, Monfort) . pis” es ae we ag ee 
IODINI SORPTION VALUES 
of chemically modified cottons (Bailey, Honold, Skau)-—L 
IRRADIATION, ULTRAVIOLET 
anc the wool fiber epicuticle (Haly)—L . 


JUTE FILAMENTS 


change of cross-sectional area with relative humidity (Chakravarty) 


KERATIN (See also Wool) 
fi . microscopic studies on the structure and composition of 
(Menkart, Coe) . 
fibers, the nature of permanent ‘set in (Feughleman, Haly, Mitchell) 
penetration and supercontraction of by lithium bromide —e 
(Holy, Griffith) . Sik ska ie 
variability of set in (Mitchell, Feughelman) . : 
pore size of (Speakman, Harrison) . 
reactivity of (Ghosh, Holker, Speakman) 


LIGHT RESISTANCE 
of cotton resulting from mercerization (Goldthwait, Robinson) . .« 
LOAD-EXTENSION TESTER, two-dimensional, for fabrics and 
film (Checkland, Bull, Bakker) 5 wae AS whaltie a am 


MECHANICAL BEHAVIOR ; 
and supermolecular structure, relationships between in native 
yl c on modified cotton cellulose (Tripp, Orr, 1. 


MERCERIZATION 
effect on cotton's resistance to microorganisms (Cyrot)—L 
improved light and weather resistance of cotton resulting from 
(Goldthwait, Robinson) . 
of yarns made from Pima S-1, Peruvian Pima B- B, ‘and Fay ptian 
Karnak cottons (Murphy, Goldthwait) . ‘ ‘ 
response of cotton fibers to (Rebenfeld) 
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MERCERIZING 

novel mercerizing technique to establish ‘true’ length of cotton 

yarn (Goldthwait, Murphy) . coke ta 2-0 ae oe 

MICRONAIRE 

cotton fiber maturity rapidly predicted with variable volume of 

sample in (/ yéngar, Sundaram) Mid a ae ee ae 

MICRONAIRE READING 

close a ximation of fiber thickness (Hertel) 
MICROORGANISMS 

mercerization, its effect on cotton's resistance to (Cyrot)——-L 
MICROSCOPICAL STUDIES of a multilayer nylon body armor 

anel impact (Susich, Dogliotti, Wrigley) . 

on the structure and composition of keratin fibers ( ‘Menkart, Coe) 

staining technique utilizes two-dye solution (Smith)—L . 
MILDEWPROOF MATERIALS 

identification and estimation y phenolic fungicides in (Hilton) 
MINIMUM CARE GARMENT: 

a wear study of 

laboratory evaluation (Morris, Wilsey) 
subjective evaluation (Morris, Wilsey) 

MOLECULAR WEIG 

of two seed hair celluloses (Time!) . 
MOMENTS OF DISTRIBUTIONS 

and their interrelation (Whitwell, Wakelin) 
MYROTHECIUM 

on field cotton (Heyn)—L 


NEPOTOMETER 
factors influencing test results (Markesich, Tallant, Worner) 
laborat evaluation of nep potential (Souther) 
method for measuring mane produced by ginning treatments 
(Shepherd) . ve 
use as a mill instrument—a progress report (Pryor, 'Elting) 
NUCLEAR RADIATION 
of cellulose fibers 
relative order of stability of (Tessler, Kiser, Campbell, Rutherford) 
NYLON 
body armor panel, multilayer, microscopical studies of after im 
pact (Susich, Dogliotti, Wrigley) ‘ 
tion of HCI; effect on (Larose) 
NYLE N FABRICS 
surface —. of at different qrane atures and humidities 
(Walker) 
NYLON YARN 
response to environmental changes and an equation of stage for 
(Eckstein, Olson, Ames) R ree : 
NYLON 66 
rate of creep failure for, effect of temperature on (Coleman, Knex, 
Mc Devit) ° ¢. 4- S e 5a Aare ke 
Correction. . * tv EP eer 
tire cords at elevated temper: atures, the physical properties of 
(Charles, Tarai) i? See eas 


OIL AND WATER REPELLENT TREATMENTS 
for cotton with fluorochemicals (Segal, Philips, Loeb, Clayton, Jr.) 


PERMANENT SET 
in keratin fibers, the nature of (Feughleman, Haly, Mitchell) . 
PHOTOTENDERIZATION 
of cotton duck before and after weathering by anthraquinone 
2,6-disulfonic acid (Baskin, Kaplan) . ‘s : 
PHYSICAL PROPERTIES 
of nylon 
effect of HCI on (Larose) 
POISSON'S RATIO 
of fibers, a method for measuring (frank, Ruoff) 
POLAROGRAPHIC ESTIMATION of the sulfhydryl and disulfide 
groups in wool (Human) . 
POLYSULFONES 
fiber forming, synthesis and structure of (Noether) 
PRESERVATIVE TREATMENTS 
reliability of soil test methods for evaluating (Ashcroft) 
PUNCHED-CARD METHODS 
for studying fiber-yarn relationships (Wakeham, Steward) 


RADIATION, GAMMA 
effects of on cotton 
properties of purified cotton irradiated in oxygen and nitrogen 
atmospheres (Blouin, Arthur) . 
proposed mechanism of the effect of high energy Re amma ra adiation 
on some of the molecular properties of purified cotton (Arthur) 
RADIATION, NUCLEAR 
dyeing characteristics of irradiated cottons and rayons (Tessier 
Wichart, Rutherford) He RS | ar ; 
RAYON 
the future of (Wharton, Lund) ; ae ay 
irradiated, dyeing characteristics of (Tessier, Wiehart, Rutherford) 
tire cords at clevated cent ratures, the physical properties of 
(Charles, Tarsi). pity ie ; 5 eas ae 
RAYON, VISCOSE 
non-apparel uses of (//owsmon) Sie a rate a 
saturat regain ™ 4 deduced from density and swelling data 
(Staples) . 5 : Pn ; 
REACTIVITY 
of cellulose (Urquhart) . 
RESIN FINISHES 
the application of to cotton garments using drycleaning ons 
equipment (Graham, Loibi, Wiebush) “oe 
RESIN TREATMENT 
silicone softeners, their effect on resin-treated cottons vases aes 
RHOVYL polyviny! chloride fibers (Hochstaedter) 
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ROVING WEIGHT 
variations in produced by the slubber (Emrick, Hicks) . . . . . S64 


SATURATION REGAIN 
of viscose rayon, deduced from density and swelling data (Staples) 950 
SILICONE SOFTENERS 
their effect on resin-treated cottons (Simpson) ........ 170 
SLUBBER 
variations in roving weight produced by (Emrick, Hicks) «eit ae 
SOFTENERS 
silicone, the effect on resin-treated cottons (Simpson) .... . 170 
SOIL, BURIAL METHOD 
reliability of for evaluating textile preservative treatments 
(Ashcroft) . . #2 8.64 -2 8b) hat 6 eee eee eee 
SOIL, DRY 
distribution of on the surface of cotton fibers (Tripp, Moore, 
Porter, Rollins). . ‘ ear ery eee es oe 
SOILING STUDIES 
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